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Abstract

Urinary tract infections (UTIs) have placed tremendous stress on public health sector. UTIs
reported as the fourth most common type of healthcare-associated infection, making up 12.9%
of such infections among which more than half are associated with catheter. In this work
antimicrobial peptides (AMPs) derived from Lycosa erythrognatha spider venom, particularly

LyeTx I mnAK was assessed against UT]s.

Bacteriostatic and bactericidal properties of AMP were assessed, and its docking was
performed with the adhesin of UPEC. The antibiofilm effects of the AMP were evaluated using
the microplate-based model and catheter-based model. The toxicity of AMP was tested in vitro
and in animals as well. Subsequently, AMP was coated on medical grade silicon using the
ultrasonic spray method in the presence of polymer. The coatings were characterized through
scanning electron microscopy (SEM), energy-dispersive spectroscopy integrated with SEM,
Fourier-transform infrared spectroscopy (FTIR), contact-angle analysis and tested for

antimicrobial effects.

The results showed that LyeTx I mnAK stands out as a highly active AMP against UPECs,
hypothetically due to its predicted binding to the FimH protein. LyeTx I mnAK reduced the
biomass of few isolates but significantly reduced viability of UPEC cells within biofilms. AMP
exhibited negligible cytotoxicity in vitro and less toxicity in vivo. However, the highest dose
of AMP increases the serum creatinine levels and promotes mild tubular degeneration of animal

kidney.

Coating of the medical-grade silicon and silicon catheters with AMP-loaded polymers was
performed with the use of an ultrasonic deposition method. To assess whether this method can
affect AMP activity, preliminary optimization studies were performed with poly (vinyl alcohol)
(PVA) as a polymer matrix and poly-L-lysine (PLL) as a model AMP. The results proved that
the ultrasonic deposition can be used to form uniform coatings on the surface of silicon without

affecting their antimicrobial activity.

Polymer screening tests indicated sodium alginate (SA) as the polymer matrix able to stabilize
the activity of AMP. Consequently, an ultrasonic deposition method was used to coat the
silicon with LyeTx I mnAK. Antimicrobial tests revealed that SA/LyeTx I mnAK coating
reduced the bacterial growth and SEM images showed very less bacterial adhesion on the

SA/LyeTx I mnAK. The SA/LyeTx I mnAK coating showed antimicrobial activity against



catheter-associated pathogens. Additionally, SA/LyeTx I mnAK coating also showed excellent
biocompatibility. The SA/LyeTx I mnAK was therefore proven as an efficient way to provide

antibacterial effects to urinary catheters.

Keywords: Catheters associated infections; Quinolone-resistant uropathogenic Escherichia

coli; Antimicrobial peptides; Polymers; Antimicrobial coatings.
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Abstrakt

Zakazenia uktadu moczowego (ZUM) stanowig ogromne wyzwanie dla sektora zdrowia
publicznego. ZUM sg czwartym pod wzgledem czgstosci wystepowania rodzajem zakazen
zwigzanych z opieka zdrowotng (stanowiac 12,9% takich przypadkow), przy czym ponad
polowa z nich jest zwigzana z cewnikowaniem. W niniejszej pracy oceniono skutecznos$c
peptydow przeciwdrobnoustrojowych (AMP) pochodzacych z jadu pajaka Lycosa

erythrognatha -a w szczeg6lnosci wariantu LyeTx I mnAK — w zwalczaniu ZUM.

Zbadano wiasciwosci bakteriostatyczne i bakteriobdjcze tego peptydu oraz przeprowadzono
analize dokowania molekularnego z udzialem adhezyny szczepéw UPEC (uropatogennych
szczepOw Escherichia coli). Aktywno$¢ antybiofilmowa AMP oceniono przy uzyciu modeli
ptytkowych oraz modeli wykorzystujacych cewniki. Toksycznos¢ peptydu zbadano zarowno
in vitro, jak i in vivo (na modelach zwierzgcych). Nastepnie naniesiono AMP na silikon klasy
medycznej metoda natrysku ultradzwickowego w obecnosci polimeru. Uzyskane powloki
poddano charakterystyce z wykorzystaniem skaningowej mikroskopii elektronowej (SEM),
spektroskopii dyspersji energii promieniowania rentgenowskiego (EDS) zintegrowanej z SEM,
spektroskopii w podczerwieni z transformacja Fouriera (FTIR) oraz analizy kata zwilzania, a

takze zbadano ich aktywno$¢ przeciwdrobnoustrojowa.

Wyniki wykazaty, ze LyeTx [ mnAK jest peptydem wykazujacym wysoka aktywno$¢ wobec
szczepow UPEC, co prawdopodobnie wynika z przewidywanego wigzania si¢ z biatkiem
FimH. LyeTx I mnAK ograniczyt biomase niektorych izolatow, a przede wszystkim istotnie
zmnigjszyt zywotno$¢ komoérek UPEC w obrgbie biofilméw. Peptyd wykazywal znikomag
cytotoksycznos¢ in vitro oraz niska toksycznos¢ in vivo. Jednakze najwyzsza zastosowana
dawka powodowata wzrost poziomu kreatyniny w surowicy oraz lagodne zwyrodnienie

kanalikéw nerkowych u zwierzat.

Pokrywanie silikonu klasy medycznej oraz cewnikow silikonowych polimerami zawierajacymi
AMP przeprowadzono metoda osadzania ultradzwigckowego. Aby sprawdzi¢, czy metoda ta
wplywa na aktywno$¢ peptydu, przeprowadzono wstepne badania optymalizacyjne z
wykorzystaniem poli(alkoholu winylowego) (PVA) jako matrycy polimerowej oraz poli-L-
lizyny (PLL) jako modelowego AMP. Wyniki potwierdzity, ze osadzanie ultradzwickowe
pozwala na tworzenie jednorodnych powlok na powierzchni silikonu bez utraty aktywnosci

przeciwdrobnoustrojowe;.
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Badania przesiewowe polimerow wskazaly alginian sodu (SA) jako matryce zdolng do
stabilizacji aktywnos$ci AMP. W konsekwencji, do naniesienia peptydu LyeTx I mnAK na
silikon wykorzystano metod¢ osadzania ultradzwigkowego. Badania wtasciwosci
przeciwdrobnoustrojowych wykazaty, ze powtoka SA/LyeTx I mnAK ograniczala wzrost
bakterii, a obrazy uzyskane za pomoca mikroskopii elektronowej (SEM) ukazaty znacznie
mniejszg adhezje bakterii do powierzchni pokrytej tym materialem. Powtoka SA/LyeTx I
mnAK wykazata aktywno$¢ przeciwdrobnoustrojowa wobec patogenow zwigzanych z
cewnikowaniem. Ponadto charakteryzowata si¢ ona doskonala biokompatybilnoscig. Tym
samym potwierdzono, ze zastosowanie SA/LyeTx I mnAK stanowi skuteczng metode

nadawania wlasciwosci przeciwbakteryjnych cewnikom urologicznym.

Slowa kluczowe: zakazenia zwigzane z cewnikowaniem; szczepy Escherichia coli
uropatogenne i oporne na chinolony; peptydy przeciwdrobnoustrojowe; polimery; powtoki

przeciwdrobnoustrojowe.
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Resumo

As infecgdes do trato urinario (ITUs) tém exercido uma enorme pressao sobre o setor de satude
publica. As ITUs s3o relatadas como o quarto tipo mais comum de infeccdo associada a
assisténcia a saude, representando 12,9% dessas infec¢des, das quais mais da metade estdo
associadas a cateteres. Neste trabalho, peptideos antimicrobianos (AMPs) derivados do veneno
da aranha Lycosa erythrognatha, particularmente LyeTx I mnAK, foram avaliados contra

ITUs.

As propriedades bacteriostaticas e bactericidas do AMP foram avaliadas e seu acoplamento foi
realizado com a adesina da UPEC. Os efeitos antibiofilme do AMP foram avaliados usando o
modelo baseado em microplaca e o modelo baseado em cateter. A toxicidade do AMP foi
testada in vitro e em animais. Posteriormente, o AMP foi revestido em silicio de grau médico
usando o método de pulverizagdo ultrassdnica na presenca de polimero. Os revestimentos
foram caracterizados por microscopia eletronica de varredura (MEV), espectroscopia de
energia dispersiva integrada a MEV, espectroscopia de infravermelho com transformada de

Fourier (FTIR), analise de angulo de contato e testados quanto aos efeitos antimicrobianos.

Os resultados mostraram que LyeTx I mnAK se destaca como um AMP altamente ativo contra
UPEC:s, hipoteticamente devido a sua ligagdo prevista a proteina FimH. LyeTx I mnAK reduziu
a biomassa de alguns isolados, mas reduziu significativamente a viabilidade das células UPEC
dentro dos biofilmes. O AMP exibiu citotoxicidade insignificante in vitro e menor toxicidade
in vivo. No entanto, a dose mais alta de AMP aumenta os niveis de creatinina sérica ¢ promove

degeneracao tubular leve nos rins dos animais.

O revestimento de silicone de grau médico e cateteres de silicone com polimeros carregados
com AMP foi realizado utilizando um método de deposi¢@o ultrassdnica. Para avaliar se esse
método pode afetar a atividade do AMP, estudos preliminares de otimizagdo foram realizados
com poli(alcool vinilico) (PVA) como matriz polimérica e poli-L-lisina (PLL) como um AMP
modelo. Os resultados comprovaram que a deposi¢do ultrassonica pode ser usada para formar

revestimentos uniformes na superficie do silicio sem afetar sua atividade antimicrobiana.

Testes de triagem de polimeros indicaram o alginato de sddio (SA) como a matriz polimérica
capaz de estabilizar a atividade do AMP. Consequentemente, um método de deposicdo

ultrassonica foi usado para revestir o silicio com LyeTx I mnAK. Testes antimicrobianos
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revelaram que o revestimento SA/LyeTx I mnAK reduziu o crescimento bacteriano e imagens
de MEV mostraram muito pouca adesdo bacteriana no SA/LyeTx I mnAK. O revestimento
SA/LyeTx I mnAK mostrou atividade antimicrobiana contra patogenos associados a cateteres.
Além disso, o revestimento SA/LyeTx I mnAK também mostrou excelente biocompatibilidade.
O SA/LyeTx I mnAK foi, portanto, comprovado como uma maneira eficiente de fornecer

efeitos antibacterianos a cateteres urinarios

Palavras-chave: Infecgdes associadas a cateteres; Escherichia coli uropatogénica resistente a

quinolonas; Peptideos antimicrobianos; Polimeros; Revestimentos antimicrobianos.
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Chapter I: Theoretical part

1. Introduction

Urinary catheters are flexible tubes used for patients presenting impaired bladder function
to allow bladder emptying (Skok et al., 2025). Catheters have benefitted the patients by
restoring organ function, though microbial adhesion to the catheter surface during insertion
may lead to development of catheter-associated urinary tract infections (CAUTI) (Milo et al.,
2019). Each other day of catheterization increase in the risk of CAUTI. Urinary tract infections
(UTIs) are reported as the one of the most prevalent healthcare-associated infection, making
up 12.9% of such infections among which more than half are CAUTI (Magill et al., 2014;
Butement et al., 2022). Roughly, 1 million CAUTIs annually contribute to 80% of hospital-
acquired UTIs (Lo ef al., 2014). The daily risk of bacteriuria due to catheterization ranges
between 3% and 10%, and the risk of symptomatic UTI is 20% in patients with bacteriuria

(Hashmi et al., 2003).

The catheter insertion procedures disturb the mechanical and antimicrobial defences of the
bladder, increases the patient vulnerability of CAUTI (Guiton et al., 2010). Individuals with
immunocompromised status, advanced age, nephrolithiasis or vesical calculi, prior urological
interventions, and structural abnormalities of the urinary tract are at increased risk for the
development of CAUTIs. Several pathogens potentially cause infections such as Acinetobacter
baumanii, Pseudomonas aeruginosa, Enterococcus faecalis, Staphylococcus aureus, Proteus
mirabilis, and Morganella morganii (Matsukawa et al., 2005; Jacobsen et al., 2008; Macleod
et al., 2007; Saint et al., 2011; Dudeck et al., 2011; Tambyah et al., 2001; Armbruster et al.,
2021). In catheterized patients, bacteriuria may progress to polymicrobial communities
(Learman et al., 2020). Microbial infections on catheter surfaces shaped by various factors,
such as prophylaxis measures, host immune responses and treatment strategies. Interactions of
pathogens, which can be either synergistic or antagonistic, may influence the pathogen's
diversity (Azevedo et al., 2017). The adhesion and colonization of uropathogens on catheters
favoured by the surface of the catheter and host cell binding receptors with the involvement of
adhesins proteins of pathogens (Jacobsen ef al., 2008; Werneburg, 2022). Initially, adhesion
molecules and physical forces used by CAUTI pathogens to adhere to the catheter surface
(Gupta et al., 2016).

The major adhesion factors of CAUTI pathogens include flagella and pili, which allow
them to attach to the catheter (Nicolle, 2014; Mireles et al., 2015). The adhesins, such as



fimbriae, reported to initiate bacterial adherence to catheters (Stahlhut ef al., 2012). Therefore,
preventing microbial adhesion and colonization on catheter surfaces through antimicrobial and
anti-adhesive coatings is crucial for improving catheter longevity and performance (Gambrill
et al., 2025). The coating using of metal nanoparticles (Saikawa et al., 2024), polymers (Dave
et al., 2011; Massoumi et al., 2024) antibiotics, (Kranjec et al., 2024), quorum sensing (QS)
disrupting enzymes (Ivanova et al., 2015), bacteriophages (Curtin et al, 2006), and
antimicrobial peptides (AMPs) (Lim 2015; Marie et al., 2021) on catheter has been reported to
reduce microbial attachment and infections. Particularly AMPs are excellent antimicrobial
agents to create antimicrobial coatings for urinary catheters (Singha et al., 2017). AMPs offer
several advantages such as excellent antimicrobial activity, proteolytic stability,
biocompatibility, and a reduced propensity to induce antimicrobial resistance (Li et al., 2023).
AMPs disrupts the membrane integrity of microorganisms allowing the exposition of
intracellular targets (Zhang et al., 2021). In recent times, the interest in using AMPs in medical
implants has significantly increased, which leverages the natural antimicrobial properties of
AMPs to address common challenges in medical implantology, such as infection-associated
scenarios (Ul Haq et al., 2023). Several studies of AMP-based medical implants showed
osteoconductive properties even in vivo studies (Narbat ef al., 2010, Narbat et al., 2012; Pihl
etal.,2021).

Despite being exceptional as antimicrobial agents, AMPs suffer from poor in vivo stability,
salt sensitivity, and toxicity; however, their conjugation with other compounds, such as
functional polymers, proved fruitful in reducing such limitations (Alkarri et al., 2024). The
antimicrobial activity of AMPs and stability could be enhanced through conjugation with
polymers (Cui et al., 2021). Several AMPs accommodated in AMP-polymer conjugates often
retain their potent antimicrobial potential. Polymer based coatings can present antifouling and
bactericidal properties, as well as they can create bifunctional antibacterial polymer coatings,
depending on the surface functionality. Polymers explored as potential agents in controlled-
release drug platforms to overcome the limitations of conventional controlled-release
antimicrobial coatings on implants (Jacobsen et al., 2013; Kumari et al., 2021; Temtem et al.,
2009). The addition of non-fouling polymers also increases the antibiofilm properties of AMP
coatings. The polymers provide regenerating surface for AMPs to inhibit the growth of

microorganisms (Yu et al., 2021a).



2. Literature Review

2.1. Urinary catheters and CAUTI

The usage of urethral catheters in medical practice dates back more than 3500 years. The
word "catheter" originates from the Greek word "kathienai," which translates to 'to insert' or 'to
let down' (Pelling ez al., 2019). A urinary catheter implanted for either short-term or long-term
use, depending on the patient's clinical condition and postoperative care requirements.
Following specific surgical procedures, catheterization provides a safe and effective means of
urine drainage, collection, and monitoring (Corrado et al., 2025). The first report of catheter
usage published in 1960 (Kaitz, 1960). The United States of America (USA) is the leading
country in terms of usage of catheter, and its percentages lie in the ranges of 7.5% to 31%
(Dudeck et al., 2013). In general hospitals, 15-25% of individuals require implantation of a
urinary catheter during their hospital stay, and more than 100,000 individuals in nursing homes
are living with catheters in place (Laan et al., 2020). The nurses or health professionals, which
are responsible for catheters insertion must follow standard protocols for procedures to avoid
the risk of infections (Corrado et al., 2025). The usage of catheters positively affects patients'
quality of life, although surgical procedures required for catheterization may cause infections
(Milo et al., 2019). Fourcade et al. studied the incidence of UTIs among 289 patients, among
which 122 patients (40.8 %) had indwelling catheters (Fourcade et al., 2015). Wang et al.
studied 234 patients with catheter, among which 30.5% of patients displayed CAUTI (Wang
et al., 2017). The CAUTIs in adult Intensive Care Units (ICUs) of National Healthcare Safety
Network-affiliated hospitals experienced a decline ranging from 18.5% to 67% from 1990 to
2007 (Burton et al., 2011). A 66% decrease in CAUTI occurred in France from 1995- 2004
(Vanhems et al., 2008). According to the study of Magill et al. CAUTI and Ventilator-
associated pneumonia account for 25.6% of healthcare-associated infections (Magill et al.,
2014). They also reported that among 504 healthcare-associated infections, 44 were UTIs,
among which 67.7% were associated with catheter (Werneburg, 2022; Nicolle, 2014).
Furthermore, a British study comparing various catheter types found that 10.6% to 12.6% of
patients with catheters experienced CAUTIs. Duszyiiska et al. reported a 7% incidence of UTISs,
among which 36% attributed to CAUT], in a single-centre study in Poland (Duszyfiska et al.,
2016). Walaszek and colleagues reported marginally lower figures, noting a UTI incidence rate
of 4% (with an incidence density of 5), and found that 99% of these infections were CAUTI in
Poland (Walaszek et al., 2018). A study conducted between 01.01.2012 and 31.12.2014



reported 6.9%, 7.3%, and 7.6% in 2012, 2013, and 2014 respectively in Poland (Duszyfiska et
al., 2016).

2.2. Risk factors and chances of developing CAUTI

The chances of CAUTI are associated with the catheterization procedures, catheter surface
features, and patient underlying diseases and gut microbiota (Figure 1). The vulnerability of
CAUTI significantly increases with the disturbing mechanical and antimicrobial defences of
the bladder upon catheter insertion, which allows pathogens adhesion, colonization,
establishment of infections, and dispersal (Guiton ef al., 2010) while using the catheter surface
as a substrate (Macleod et al., 2007). 15% to 25% of patients have a urethral catheter inserted
in general hospitals (Hooton et al., 2010), and 22.2% undergo long-term catheterization
(Shackley et al., 2017). This scenario poses a risk of cross-contamination to other patients or
different sites on the same patient (Knoll ez al., 2011). After the third day of the indwelling of
the catheter, the pathogens start colonizing the catheter surface; however, the infection chances
depend on underlying diseases in patients such as diabetes, hypertension, and cardiovascular
disease (Niveditha et al., 2012). The daily risk of bacteriuria due to catheterization ranges
between 3% and 10%, and the risk of symptomatic UTI is 20% in patients with bacteriuria

(Hashmi et al., 2003).
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Gender is also a significant determinant of the risk of CAUTI (Chenoweth et al., 2014;
Mireles et al., 2015). Adegun et al. reported CAUTI incidence as 90.2% and 80.6% among
middle-aged and older men, respectively, indicating old age as a CAUTI risk factor (Adegun
et al., 2019). Niveditha et al. found a 36% prevalence of CAUTI in the age group 61-75 years
(Adegun et al., 2019). On gender-based comparison, CAUTI has a female-to-male ratio of
about 2:1. About 30% to 43% of CAUTI reported in males (Kakaria et al., 2018; Daniels et al.
2014; Mireles et al., 2019). Berendsen et al. studied the indwelling catheter users and observed
that the percentage of male users was 71.56% and females was 28.44% (Berendsen et al.,

2021).

2.3. Pathogens in involved in CAUTIs

Pathogens associated with CAUTI generally exhibit lower virulence than those commonly
implicated in non-catheter-associated UTIs. However, the process of catheter insertion enables
them to establish infection quickly with a less virulence profile. Gram-positive and Gram-
negative bacteria reported to colonize, form biofilms on catheters, and cause CAUTIs (Guiton
et al., 2012). Somewhere, in CAUTI, the incidence of Gram-negative bacteria (57%) reported
higher compared to Gram-positive bacteria (43%) among 1092 bacterial isolates of CAUTI



(Armbruster et al., 2021). The older catheterized patients are mostly infected with M. morganii,
which is a rare opportunistic pathogen (Liu ef al., 2016) and less prevalent than other common
CAUTI pathogens such as P. mirabilis or E. coli. Usually, it causes co-infections with other
CAUTI pathogens. The presence of co-colonizing microorganisms can promote the
colonization, persistence, and pathogenicity of M. morganii in the urinary tract (Learman et

al., 2020).

A study comprising 97 patients found that polymicrobial CAUTIs were more common in
older individuals, which may be associated with immunocompromised status and the presence
of multiple underlying comorbidities (Galvan et al., 2016). Wang et al. studied 234 patients
with CAUTI (Wang et al., 2017), and highly prevalent pathogens were Enterococcus, E. coli,
and MRSA. A considerable change observed in the microbial pathology on the catheter surface
inside the biofilms (White et al., 2021). MRSA causes complicated CAUTI due to limited
treatment options (Paudel et al., 2023). The United States of America (USA) tertiary care
academic centre reported the incidence of Enterococcus spp 28.4% and Candida spp (19.7%)
in CAUTI (Chang et al., 2011). Antibiotic resistant pathogens in CAUTI are also a major
problem (K&ves et al., 2017; Mancuso et al., 2023). Sievert et al. reported extended spectrum

cephalosporins resistant pathogens from patients with CAUTIs (Sievert et al., 2013).

2.4. Uropathogenic E. coli

Uropathogenic E. coli (UPEC)-induced UTI considered as a common nosocomial infection.
In healthcare settings, in 50-65% of healthcare-associated UTIs, UPEC is the causative agent.
The UPEC prevalence is even higher in community-acquired UTIs than in healthcare-
associated UTIs (Mireles et al., 2015; Tarlton et al., 2019), highly contributing to global
mortality and morbidity (Halaji et al. 2022). Compared to non-uropathogenic E. coli, UPEC
isolates can adjust and colonize rapidly within the urinary tract (Forsyth et al., 2018). The main
virulence factor of UPEC involved in CAUTIs is its ability to form biofilms on inanimate
surfaces such as vesico-urethral catheters. Biofilms increase antibiotic resistance in UPEC
isolates. (Abo et al., 2024) and infection severity (Rastegar et al., 2023). UPEC uses several
virulence factors to adhere to the host cell surface, enter the cell, produce toxins, and establish
infections (Mireles et al., 2015). The highly reported virulence factors used by UPEC are F1C
pili, and Dr adhesins. In contrast, the factors that help UPEC in immune invasion are HIyA,

Capsular antigens, CNF1, and Yersiniabactin (Mireles et al., 2015). In UPEC, the adhesins



from the Afa/Dr family (fimbrial adhesins with Dr fimbriae and Afa) are important virulence
factors that facilitate critical infections (Lehmann et al., 2013). FimH has also suggested as a
candidate for vaccine development (Dadi et al., 2020). There is an association between biofilm
formation and antibiotic resistance; cephalosporin, gentamicin, and ceftazidime-resistant
UPEC are low biofilm producers (Gajdacs et al., 2021; Rolo et al., 2019). Compared to
planktonic UPEC cells, the antimicrobial resistance is 1000-fold higher in biofilms, which
complicates the treatment and eradication of biofilm-related infections (Alshaikh ef al., 2024).
The increased resistance in UPEC, especially to quinolones, such as nalidixic acid (first
generation); ciprofloxacin, norfloxacin, ofloxacin, levofloxacin, pefloxacin (second
generation); sparfloxacin, gatifloxacin, gemifloxacin (third generation); moxifloxacin, and
trovafloxacin (fourth generation) reported (Haslund et al., 2013). The treatment of quinolone-
resistant UPEC-induced infections become particularly challenging due to its widespread
incidences all over the world (Rashki et al., 2019; Bunduki et al., 2021; Bialek et al., 2017;
Fasugba et al., 2015). The resistance of low-level-quinolone-resistant UPEC increased due to
the urinary tract physiological parameters (Gutiérrez et al., 2016). UPECs also reported as
multi-drug resistant (MDR) pathogens (Fenner, 2020; Kalsy et al., 2020; Chen et al., 2022).
The average prevalence of UPEC MDR strains was 50% in Iran (Hadifar et al., 2017), 80% in
India, and 65% in Pakistan (Reza et al., 2019). Furthermore, the prevalence of MDR UPEC is
also high in developed countries such as the USA (Sanchez et al., 2014). Europe and the USA
have reported 22% and 31% fluoroquinolone-resistant UPEC.

2.5. Polymicrobial communities in CAUTI

Pathogenic microbes usually exist or prefer to form polymicrobial communities rather than
live as a single entity. In catheterized patients, bacteriuria quickly turns into a polymicrobial
condition involving a mix of various bacteria such as P. mirabilis, Enterococcus spp, P.
aeruginosa, K. pneumoniae, Citrobacter, Staphylococcus species, and Streptococcus species
(Learman et al., 2020). The incidence of polymicrobial CAUTI varies, ranging between 31-
97% (Dedei¢ et al., 2009; Hollenbeak et al, 2018; Armbruster et al., 2021). CAUTI has a higher
incidence of polymicrobial infections compared to UTIs without catheters (Fourcade et al.,
2015). About 86% of CAUTI are polymicrobial infections (Govindarajan ef al., 2022).
Fourcade et al. studied polymicrobial communities in UTIs and reported a 53% incidence of

polymicrobial infections in the presence of a catheter (Fourcade et al., 2015; Fouts et al., 2012;



Azevedo et al., 2017). Interactions of pathogens, which can be either synergistic or antagonistic
(Azevedo et al., 2017). Typically, the initial episode of bacteriuria is caused by a single species
in the initial days of catheterization; however, the absence of antimicrobial therapies and long-
term stay of catheters leads to polymicrobial bacteriuria comprised of 3 to 5 organisms (Pelling

et al., 2019).

In polymicrobial CAUTI, E. faecalis and P. mirabilis are involve (Gaston et al., 2020).
Several bacterial species inhabiting the urinary tract of catheterized individuals can either
increase or reduce the severity of the disease. This influence on P. mirabilis occurs without the
necessity for physical contact or proximity between the bacteria (Learman et al., 2020). K.
pneumoniae, E. coli, E. faecalis, and P. mirabilis have been reported to form biofilms on silicon
surfaces in vitro study. In another study, 106 patients with urinary catheters were examined,
and 76 catheters were found with the biofilms of numerous bacteria (Macleod et al., 2007). P.
mirabilis can form crystalline biofilms on all types of catheters (Holling ef al., 2014; Wilks et
al., 2015). The possible outcomes of interactions between multiple microbes in the urinary

system is shown in Figure 2.
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2.6. Establishment of CAUTI

The pathogens can attach to a catheter during the insertion and reach the bladder (Mobley,
2017). The process begins with inserting a urinary catheter, which may disrupt the natural
defences of the urinary tract and increase the shedding or harm to the urothelial lining (Guiton
et al., 2010). More binding sites are created to attach adhesins due to damage to protective
uroepithelial mucosa by inserting catheter (Adegun et al., 2019). The host mechanical and
immune defences in the vicinity of the urinary tract are also disrupted by catheter insertion,
which causes over distension of the bladder and incomplete voiding (Mireles et al., 2015).
Catheterization procedures cause histological and immunological changes, leading to robust

inflammatory response, exfoliation, edema, and mucosal lesions (Mireles et al., 2015). The
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catheter-induced inflammatory responses also influence the functions of host immune
responses (Leendertse et al., 2009). Usually, the flushing of urine flow and the protective
mucosal layer of the bladder help prevent infection. However, the presence of a catheter can
impair these defences and provide a surface for bacteria to adhere to in two ways:
extraluminally and intraluminally (Tenke et al., 2006). Most extraluminal pathogens originate
internally, primarily from the gastrointestinal tract that colonizes the patient’s perineum and
ascends the urethra after catheter insertion (Warren, 2001). Extraluminal entry usually takes
place in catheterized women in approximately 70% of cases and 34% of the pathogens are enter
by intraluminal contamination (Saint et al., 2003). CAUTI pathogens also infiltrate the catheter
through an intraluminal pathway, typically when they enter an internal passage due to the
failure of the closed drainage system or contamination of the collection bag (Tenke et al.,

2006).

2.7. CAUTI-associated secondary complications

The CAUTIs-related complications, such as the risk of hospitalization, length of
hospitalization, and length of antibiotic therapy, are significantly higher than regular UTI
(Werneburg, 2022). CAUTI leads to further health complications such as pyelonephritis,
bacteremia, enterococcal cystitis, urosepsis, and in some cases, death (Maki et al., 2001). The
crystalline biofilms on the catheter surface led to encrustation, resulting in the development of
urinary tract stones (Jacobsen et al., 2011). Struvite and apatite are the two significant crystals
in catheters due to crystalline biofilms made of magnesium ammonium phosphate and
hydroxylated calcium phosphate (Stickler et al., 2010). These crystals are generated by urease
enzymes while hydrolyzing urea in the residual bladder urine (Stickler ez al., 2010). The high
urease activity increases the urinary pH, crystalline biofilms, and urinary stones, which causes
catheter blockage (Learman et al., 2020). The probability of developing struvite crystals and
urolithiasis during pathogenesis is likely associated with certain urease-enhancing organisms.
The crystalline biofilms formed by P. mirabilis cause the blockage of urine, which causes
leakage of urine around the catheter (Macleod et al., 2007). MRSA is reported to cause other
medical complications, such as urosepsis and shock (Paudel et al., 2023). The immune
responses towards catheters and CAUTI are complicated; the regular responders are
neutrophils, macrophages, basophils, and some eosinophils (Guiton et al., 2013). In vivo, the

implanted materials colonized by E. faecalis increase neutrophil levels approximately 5-fold
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due to the activation of the neurogenic inflammatory pathway (Dale et al., 2011). It is
speculated that neurogenic inflammatory responses are also triggered by mast cells,
bradykinins, and NK2 receptors (Birder et al., 2018). E. faecalis has an immune evasion
mechanism (Tien et al, 2017). CAUTI polymicrobial communities, particularly E.
faecalis and P. aeruginosa, result in aggravated pyelonephritiss (Tien et al., 2017). Some
pathogens, such as P. mirabilis, a highly prevalent and intense biofilm producer of catheters,

can spread to the bloodstream other organs, such as the spleen and heart (Gaston et al., 2020).

2.8. Healthcare and economic impact of CAUTI

The financial costs of catheter-associated bacteriuria and infections significantly impact
public health economy (Knoll et al., 2011). Healthcare institutions invest significant time and
resources to decrease the incidence of CAUTI (Patel et al., 2023). The high occurrence of
CAUTI leads to substantial medical costs in the USA, with an estimated annual expenditure of
$424 million to $451 million for treating these infections (Jacobsen et al., 2008). The estimated
expenses spent on CAUTTI in surgical patients are around $558 to $676 per case in USA (Saint
2000) (Givens et al., 1980). At the same time, the cost of treating an uncomplicated case of
UTTI is estimated to be $40, which includes diagnosis and antibiotic treatment. In the USA, an
estimated 62,700 CAUTI were reported in 2015, which cost around $864 million (Dickerson
et al., 2022). The annual medical expenditures of CAUTI reached $600 million in 2010 (Guiton
et al., 2010), while Werneburg reported $115 million to $1.82 billion in costs (Werneburg,
2022). Asymptomatic CAUTI increases the direct expenses of acute-care hospitalization by
between $500 and $1,000 in USA (Maki et al, 2001). In 1999, in Scotland, the annual cost
spent on the treatment of CAUTI was estimated at £ 125 million (Feneley ef al., 2015). It was
speculated that a total of £2.5 billion was spent annually on treating CAUTI in the UK during
1999-2015. Therefore, it is estimated that the total yearly additional cost related to CAUTI in
the UK likely ranges between £1.0 billion and £2.5 billion (Feneley et a/., 2015). In the USA,
the annual cost of healthcare-acquired infections is $ 45 billion (Kennedy et al., 2013), among
which 80% ($ 36 billion) spent on CAUTI. USA hospitals used to compensate for the additional
cost spent on CAUTI by recovering the extra payment before October 2008. However, it was
stopped due to Medicare rule (Saint et al., 2009). A report on estimating the cost associated
with hospital-acquired conditions analysed the cost data from six studies. Approximately

$13,793 was the additional cost in these six studies on CAUTI, with a 95% confidence interval
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(CI) of $5,019 to $22,568 (Bysshe et al., 2017). Paul et al. studied 123 CAUTI patients and
found that approximately $56,534 spent on diagnosis and additional medication costs, with a

mean cost of $589 and a median cost of $356 (Paul et al., 2022).

Additionally, each episode of catheter-associated bacteremia is estimated to cost around
$2,900 (Saint, 2000). However, in 2011, Burton et al. (Burton et al., 2011) reported that $600
is the total cost of one episode of CAUTI, which significantly increases to $2800 if CAUTI is
associated with a bloodstream infection. Although the estimated cost of medical care is $131
million, thus a significant amount is spent on CAUTI (Burton et al., 2011). The cost associated
with CAUTI depends on causative pathogens; for example, fungal infections costs ($821.2) are
higher than gram-negative bacteria infections ($690.4), and among gram-negative bacteria, the
cost is lower in the case of E. coli ($363.3). In 2016, these costs were $540 for E. coli, $1,027
for other gram-negative bacteria, and $1,222 for yeasts, according to (Hollenbeak et al., 2018).
However, the cost spent on one episode of CAUTI increases to approximately $3790 (Azevedo
et al., 2017). In 2007, the cost associated with catheter reached $ 380 million (Feneley et al.,
2015). In 2015, the market size amounted to $ 3.4 billion, considering all urinary catheters'
economic burden and a gradual increase in future growth prospects (Berendsen et al., 2021).
In the 1980s, $204,000 was spent on hospital-acquired UTIs in one hospital every year. The
terms bacteriuria and UTI are often interchangeably used because the precise definition of

catheter UTT used in published reports is different (Saint, 2003).

2.9. Antimicrobial coatings on catheters to prevent CAUTI

In recent times, the research on antimicrobial catheters has accelerated significantly (Yu et
al., 2015b; Anjum et al., 2018). The most frequent antimicrobial agents used in catheter
coatings are metal nanoparticles (Saikawa et al., 2024), polymers (Massoumi et al., 2024; Dave
et al., 2011), antibiotics, bacteriocin (Kranjec et al., 2024), QS disrupting enzymes (Ivanova et
al., 2015), antimicrobial peptides (Lim, 2015; Marie et al., 2021), and bacteriophages (Curtin
et al., 2006). For instance, latex silicone-coated Foley catheter coated with bio-AgNPs showed
antimicrobial activity against multidrug-resistant P. mirabilis infection (Saikawa et al. 2024).
The silicon catheters modified with polydopamine (PDA) and poly (2-hydroxyethyl
methacrylate) (PHEMA) hydrogel showed antifouling characteristics (Massoumi et al., 2024).
Modified catheters prevented the adhesion of P. aeruginosa and was non-cytotoxic with 1L.929
fibroblast cells. Kranjec et al. fabricated antimicrobial coatings for indwelling medical devices,

including catheters, using bacteriocin (Kranjec et al., 2024). The coating showed antibiofilm
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effects and no cytotoxic effects were observed up to 80 pg/ml towards MG63 cells. Duan et al.
fabricated a membrane using the piezoelectric zinc oxide nanoparticles (ZnO NPs)-
incorporated polyvinylidene difluoride-hexafluoropropylene (ZnO-PVDF-HFP) for urinary
catheter (Duan et al., 2024). ZnO-PVDF-HFP functionalised urinary catheter showed
significant antimicrobial effects, stability and biocompatibility. Puertas et al. fabricated
antimicrobial coatings on silicone surfaces via ultrasound and nanoparticle-assisted self-
assembly (Segura et al., 2024). The coatings showed antimicrobial activities and inhibited
biofilms and no adverse effects on fibroblasts and keratinocytes were observed. Lim et al.
developed a strategy using a 2-step polydopamine-based surface immobilization for
conjugation of an antimicrobial peptide (AMP) onto commercially available Foley catheter
(Lim, 2015). The AMP-based catheter inhibited the growth of bacteria. Dave et al. fabricated
a novel biocatalytic polymer-based antimicrobial coatings for urinary catheter (Dave ef al.,
2011), which showed antimicrobial effects against highly active catheter associated pathogens.
Cai et al. fabricated a PDA-carboxymethylcellulose-Ag nanoparticle coating on the latex

catheter (Cai ef al., 2023), which showed antimicrobial and anti-adhesive effects.

Miao et al. used hydrogel coating containing poly (sulfobetaine methacrylate)-tannic acid
(polySBMA-TA) to fabricate antimicrobial responsive platforms for urinary catheters (Miao et
al., 2023). The modified surfaces showed antibacterial and anti-encrustation effects in in vivo
studies and released antimicrobials in the response to change in pH. Yong et al. fabricated a
thin conformal lubricating hydrogel coating comprised of an antifouling, zwitterionic moiety
sulfobetaine and biocidal N-halamine monomer, on catheters (Yong ef al., 2018). The coating
did not allow the microbial growth and biofilms combined with excellent mechanical properties
like lubricity and stability. /n vivo studies showed that the foreign body response was greatly
reduced by sulfobetaine group addition in the hydrogel coating. Gayani et al. employed
trifluoropropyl spray-coated polydimethylsiloxane (TFP—PDMS) (Gayani et al., 2021) which
reduced P. mirabilis attachment till two weeks. The properties of PDMS, such as nontoxicity,
flexibility, biocompatibility, and autoclavability made it an ideal tool for fabrication of medical

devices (Neoh et al., 2017).

Bai et al. fabricated a photocurable zwitterionic copolymer poly (2-methacryloyloxyethyl
phosphatidylcholine-co-hydroxyethyl = methacrylate-co-(benzoyl) phenyl methacrylate
(poly(MPC-co-HEMA-co-BP) coatings for urinary catheters with potential antifouling and

lubrication properties (Bai et al., 2024). The coatings showed antimicrobial behaviour against
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several clinically important pathogens. Roy et al. coated the urinary catheter with cobalt
containing antimicrobial mesoporous bioactive glass (Roy et al., 2024). The samples showed
antimicrobial behaviour towards Candida albicans, E. coli and P. aeruginosa and were non-
toxic towards NIH3T3 cell line. Puertas-segura et al. built an enzymatically nano-enabled
antimicrobial coating on urinary catheters using the PDMS surface loaded with silver-
phenolated ligninnanoparticles-poly(carboxybetaine) zwitterions (AgPLig-NPs) (Segura et al.,
2024). The AgPLig-NPs coated PDMS surfaces showed antimicrobial effects against P.
aeruginosa and S. aureus in vivo and fibroblasts exhibited over 90% viability after 1 and 7 days
of direct contact with the coated samples. Santos et al. fabricated a graphene nanoplatelet
(GNP)-based composites as coatings for catheter (Santos et al., 2023). The coatings showed
antimicrobial effects against several bacteria. Pulido et al. coated catheters with
carboxymethylcellulose and ciprofloxacin loaded chitosan-silver complexes through a layer-
by-layer method. The coatings showed a contact-killing effect and controlled antimicrobial
release. However, the reducing of silver to its elemental form which may affect the biological

functionality of the coating (Pulido ef al., 2025).

Polyurethane-based coatings incorporating a positively charged antibacterial agent
quaternized ammonium-modified methyldiethanolamines (QMDEAs) were developed and
applied to the catheter. The coatings showed excellent and long-term antibacterial effects and
also was biocompatible (Jiang et al., 2024b). Ring open polymerization of e-trif luoroacetyl-
L-lysine (Tfa-Lys)-N-carboxyanhydride allowed the immobilization of poly-l-lysine (PLL)
brush on the catheter, which exhibited inhibitory effects in vitro and in vivo as well (Liu et al.,
2023). Catheter retained antimicrobial effects after incubation at 60 °C for two months
approximately. Soyhan et al. immobilized thiolated AMPs on the hydroxylated silicone
catheters activated with allytrimethoxysilane solution. The modified catheters showed

antibiofilm effects E. coli 25922 (Soyhan et al., 2024).

The polymers such as sodium alginate (SA), methylcellulose, and poly (ethylene glycol)
(PEG) impregnated with antimicrobial agent secnidazole were used for 3D printing of catheter
to suppress QS mediated virulence factors (Archana et al., 2023). Cross-linking between SA
and calcium chloride is required to produce a suitable polymer ink for pressure-assisted
microsyringe (PAM) 3D printing of catheters. Initial burst release of antibiotic was observed

from drug-loaded catheter followed by sustained release which disrupted biofilms by
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suppressing all the QS mediated virulence factors. Liu et al. prepared nanoparticles of chitosan-
SA followed by loading with PLL which was three times more bacteriostatic than that of free
PLL (Liu ef al., 2018). Similarly, composite films of sodium carboxymethyl cellulose/SA/CS
were prepared by dissolving SA, CS, and glycerol in an acetic acid solution followed by
addition of sodium carboxymethyl cellulose solution which was then casted onto a glass plate
to obtain films. The composite films inhibited the microbial growth and therefore suggested as

promising for antibacterial food packaging applications (Lan et al., 2018).

2.10. Antimicrobial peptides (AMPs)

Antimicrobial peptides (AMPs) have attracted the attention of worldwide researchers for
their excellent broad spectrum antimicrobial activity, biocompatibility, and fewer chances of
resistance (Li ef al., 2023). AMPs are excellent antimicrobial agents to create antimicrobial
coatings for urinary catheters (Singha et al,, 2017). Nature has several sources of AMPs,
including living organisms where AMPs serve as an innate immune system (Yang et al., 2025).
The global AMP market in 2015 was valued at $ 1.06 billion and is anticipated to have a
compound annual growth rate (CAGR) of 7.5% through 2017-2030 (Kazemzadeh-Narbat et
al. 2020) (Cresti et al., 2024). AMPs are ubiquitous; the first AMP, i.e. gramicidin, was
discovered in 1939 and as of 18 March 2026, the AMP database version 6 platform housed
records for 5188 peptides (Wang et al., 2026). The last decade observed a significantly higher
increase in articles published on AMPs (Cresti et al., 2024) (Figure 3).

No of published articles
)
o
o
S
1
®

Figure 3. Number of scientific articles published in academic journals since 1979. The
antimicrobial peptides” OR “AMPs” OR “host defence peptides” OR “HDPs” were used as
keywords to search the PubMed databases in March 2026.
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Most of the AMPs comprise 10-50 amino acids, a proportion of hydrophobic residues.
AMPs kill microorganisms by disrupting their membrane integrity and reaching intracellular
targets (Zhang et al., 2021). Few AMPs are being used in medical practice. Most of the AMPs
are membrane-active peptides (Chen et al., 2020). The interaction of AMPs with bacterial
surfaces is mediated by electrostatic forces (Ebenhan et al., 2014). AMPs also form complexes
with small organic anions to permeabilize the bacterial membrane and easily reach intracellular
targets. Comparatively, AMPs interact less with mammalian cells due to cholesterol and
phosphatidylcholine in their cell membrane (Lin et al., 2021). AMPs have also exhibited
substantial antimicrobial efficacy in the context of implant coatings to improve their
performance and biocompatibility (Zhou et al., 2017). Several studies of AMP-based medical
implants showed osteoconductive properties (Narbat et al. 2010; Narbat ez al., 2012; Pihl et al.,
2021). Number of synthetic AMPs is steadily increasing; however, most of the AMPs are

derived from natural sources.

2.11. Advantages and challenges of AMPs

AMPs have multi-antimicrobial mechanisms on the plasma membrane and intracellular
targets, making them less prone to antimicrobial resistance (Xuan et al., 2023). The less
tendency to antimicrobial resistance in AMPs, particularly in a-helical AMPs, is due to its rapid
antimicrobial action (Zhang et al., 2022). The multi-antimicrobial mechanism is also associated
with their hydrophobicity, amphipathicity, secondary structure such as a-helix or -sheet, and
aromatic amino acid residues (Sun et al., 2018; Narbat et al., 2020). AMPs are less toxic for
the mammalian cell membranes due to bearing positive charge and preferentially interacts with
negatively charged membranes (Singha ef al., 2017). Besides antimicrobial potential, AMPs
are immunomodulatory and have angiogenesis properties, wound healing, and antitumor
activity (Ebenhan et al., 2014; Chen et al., 2020). AMPs enhance the chemotaxis of immune
cells, activate immune cell differentiation, initiate adaptive immunity, and repress the cytokine

and TLR-mediated release of proinflammatory cytokines (Mahlapuu et al., 2020).

Additionally, versatility is the key advantage of AMPs, which allows them to be modified
for therapeutic purposes (Sierra, 2021). A group of modified AMPs with selectivity for
different membranes was tested by Hicks et al. against ESKAPE pathogens (Hicks ez al., 2013).
They found that the AMP potency increased with modifications, which can potentially help in



17

designing new peptide-based drugs with a narrow but selective antimicrobial spectrum. Such
modifications allow the synthesis of novel peptide-based antimicrobials with less toxicity.
Other structural changes in AMPs, such as increased hydrophobicity, increase the bacterial
killing rate (Zhang et al., 2022). Such modifications allow the AMPs to bind rapidly to bacterial
membranes, which is also very fruitful for in vivo applications as, typically, AMPs degrade due
to low bioavailability. Most AMPs are receptor-binding peptides that bind to the microbial
membrane, while some inhibit the biological pathways of the targeted organisms (Chen et al.,
2020). Some AMPs inhibit the synthesis of proteins and nucleic acids, induce apoptosis, and
block enzyme activities (Luong et al., 2020). Receptor-binding peptides can be both agonists

and antagonists.

Several challenges, including stability and toxicity issues, limit the clinical applications of
AMPs. The serum's proteolytic enzymes, such as trypsin and chymotrypsin, degrade the AMPs
(Yang et al., 2025), where multiple doses are needed, which reduces patient adherence and
increases treatment costs. Enfuvirtide is a peptide-based structure that necessitates twice-daily
injections due to rapid degradation that inflicts a burden on the human body (Lai, 2021). The
hepatic and renal clearance of AMPs is enhanced due to rapid proteolytic degradation (Vlieghe
et al., 2010). The AMP synthesis is very complex, making large-scale production challenging,
increasing the high production cost, and potentially imposing the cost barrier (Zenin et al.,
2022). Low oral bioavailability is the problem that limits the clinical application of AMPs
because digestive enzymes break the AMPs in the gut. The high polarity and molecular weight
of AMPs limit their permeability in the intestine. /n vitro, AMPs are highly active; however,
in vivo due to the complexity of the microenvironment, the antimicrobial potential is reduced
(Kumar ef al., 2020b). Some AMPs exert inhibit the growth of microorganisms by modulating
the immune system rather than directly killing bacteria that may cause additional chronic
inflammatory diseases in case of high concentrations of AMPs (Takahashi et al., 2018).
Alamethicin, melittin, and other membrane-active peptides are reported to cause hemolysis and
cytotoxicity by interaction with eukaryotic cells. The membrane affinity of AMPs may also
result in interaction with eukaryotic cells and can potentially cause hemolysis. It is a major
hurdle in designing AMPs with high antimicrobial activity and minimum cytotoxicity by
maintaining balance in charge, hydrophobicity, and amphipathicity (Maturana et al., 2017).
Additionally, dermcidin resistance is induced by a particular protease from S. aureus. The

antibiotic resistance in pathogens can be overcome by treating them with AMPs, which
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permeabilize the membrane. The lengthy time required for experimental work or clinical trials

is the major obstacle to developing peptide-based antimicrobials.

In recent times, the interest in using AMPs coatings on medical implants has increased,
which leverages the natural antimicrobial properties of AMPs to address common challenges
in medical implantology, such as infection, inflammation, and implant failure. Despite being
exceptional antimicrobials, AMPs suffer from poor in vivo stability, salt sensitivity, and
toxicity; however, their conjugation with other compounds, such as functional polymers,
proved effective in reducing these limitations (Alkarri ef al., 2024). The therapeutic efficiency
of AMPs can be improved through conjugation with polymers which also increases their
stability (Cui et al., 2021). Several AMPs accommodated in AMP-polymer conjugates often
retain their potent antimicrobial potential. Polymers are also being explored as potential agents
in controlled-release drug platforms to overcome the limitations of conventional controlled-
release antimicrobial coatings on implants (Jacobsen et al., 2013; Kumari et al. 2021; Temtem

etal.,2009).

2.12. The conjugation of AMPs with polymers

The trends of AMPs coatings for medical implants to avoid implant associated infections
and biofilms continue growing (Min et al., 2024). The challenges with AMPs such as stability,
toxicity, and biocompatibility issues can be mitigated by conjugation with polymers (Zhang et
al., 2025). Polymers are optimal agents for medical implants coatings and offer several
advantages such as antimicrobial properties (Palomero et al., 2020; Armugam et al., 2021)
immune modulation (Kalirajan et al., 2021), immune adjuvant (Allen et al. 2018), increase
microhardness (Hay et al., 2018; Kumar et al., 2020a; Kumari et al., 2021; Smith et al., 2022),
reconstruction, bone, cartilage, and muscle repair (Kang et al., 2016) and increase dendritic
cell levels (Kalirajan et al., 2021). The AMP's biocompatibility, in vivo stability, and
antimicrobial efficacy can be increased by conjugation with polymers (Cheng et al., 2022;
Dizaj et al., 2022; Ali et al., 2023), a biodegradable and biocompatible polymer (Zhang et al.,
2020). PLGA-AMP nanoparticles showed excellent wound healing potential and upregulated
the expression of IL-6 and Vascular Endothelial Growth Factor-A (Kumar et al., 2014). The
AMP toxicity in mammalian cells is reduced by conjugation with neutral hydrophilic polymers

(Cui et al., 2021). Polymers have high mechanical and chemical robustness, which assure the
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long-term and consistent release of AMPs, paving the way to develop state-of-the-art

multifunctional implant coatings. Figure 4 shows the strategies for polymer-AMP conjugates.
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Figure 4. Illustration of strategies for polymer-AMP conjugation. (a) grafting-to; (b) grafting-
from, and (c) grafting-through methods and coatings of conjugates on urinary catheters to
produce antimicrobial effects. The figure was created in BioRender.com and modified from

(Cui et al., 2021).

The polymer-AMP conjugates can be prepared using several approaches. The connection
of AMP to a polymer when the AMP reactive group reacts with a complementary reactive
group of the polymer is called grafting-to conjugation. Heterobifunctional linkers can be used
when the polymer and AMP lack complementary functional groups. In grafting-to conjugation,
the N-terminal primary amines and the amine groups on lysine side chains of AMP act as
reactive sites for polymers (Hartlieb et al., 2019; Song et al.,2012; Lin et al.,2019). In grafting-
from conjugation, conjugates are prepared by growing AMPs from polymers or polymers from
AMPs, mostly through ring-opening polymerization (ROP) of amino acid N-
carboxyanhydrides (NCA). Polypeptide-based AMPs can be synthesized through NCA ROP,
having precise control over composition and molecular weight (Kricheldorf, 2006;
Hadjichristidis et al., 2009; Deming, 2016). This strategy is useful for AMPs whose
antimicrobial effects are not dependent on amino acid sequences (Lam et al., 2016; Chen et al.,
2019). The AMPs functionalised with an initiator allow the growth of polymers from them

using several polymerization methods (Perrier, 2017; Corrigan et al., 2020; Messina et al.,
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2020). Trithiocarbonate-based chain-transfer agents are aminolysis resistant, which makes
them ideal candidates for attachment to the N-terminal amine of AMPs (Messina et al., 2020).
The AMP-polymer conjugates prepared by grafting-through approaches use a polymerizable
group to modify the AMP and then its polymerization into a structure with pendant AMPs (Sun
et al., 2019a; Messina et al., 2020). The linear AMP and sugar-containing polymer chains are
linked together to prepare star-shaped conjugates through polymerizing a difunctional
monomer from the CTA at the chain ends (Wong et al., 2016). The bond between polymers
and AMPs through their functional groups form by amide bond formation and click chemistry
allows covalent conjugation (Song et al., 2012). By employing engineered spacer sequences,
conjugating the peptide creates a new opportunity to incorporate several different AMP
sequences with controlled spatial distribution and conformational stability in the composite
material. Additionally, by expanding the above approach, a multifunctional/multi-
biomolecular matrix can be fabricated with potential antimicrobial with anti-inflammatory,

and/or antihistaminic properties in these polymeric materials (Xie et al., 2020).

2.13. The breadth of polymers used in antimicrobial catheter coatings

Polymer based coatings can present antifouling and antimicrobial properties. Antifouling
polymer coatings which are commonly fabricated with hydrophilic polymers, which resist
bacterial adhesion. Many ether bonds, hydroxyl, and ionic groups are present in hydrophilic
polymers, which enables them to be used as antifouling coatings (Chu ez al., 2022). Lin et al.
loaded rifampicin antibiotic on urinary catheters pre-coated with polylactic acid (PLA) (Lin et
al.,2025). PLA is used to achieve porous coatings with multi-layered arrays of micro-pores for
controlled release of rifampicin. The coating showed long term antimicrobial effects against P.
aeruginosa through controlled releasing of rifampicin. A hydrogel coating was developed by
using the poly (vinylpyrrolidone)-iodine, copper ions, and nitrofurazone-loaded
poly(sulfobetaine methacrylate)-tannic acid (polySBMA-TA) to fabricated controlled release
antimicrobial coatings for catheter. The coating showed excellent antimicrobial effects as
antimicrobial release platform. Additionally, the coating showed good biocompatibility (Miao
et al. 2023). Wang et al. coated lumen of slender catheters with cationic ethyl lauroyl arginate
(ELA) functionalized poly(y-glutamic acid) (y-PGA-ELA). Coating showed potent
antimicrobial effects and good hemocompatibility (Wang et al., 2020). Gao et al. deposited the
mixed-charge polypeptide (mPep) and other bioactive agents on silicone catheter (Gao et al.,

2020). Catheters coated with a thin and stable layer comprised of poly(N,N-
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dimethylacrylamide) (uhPDMA) and dopamine showed antimicrobial and antibiofilm
activities (Yu et al., 2021Db).

A double-network hydrogel matrix composed of polyvinyl alcohol (PVA) and chitosan
(CS), incorporated with silver quantum dots (Ag QDs), was developed as an antibacterial
coating for latex urinary catheters (Li et al., 2024). Double network hydrogels improved the
mechanical properties, such as strength and toughness. The modified catheters showed
controlled release of Ag QDs which prevented the microbial attachment, and also demonstrated
long-term antibacterial activity, excellent biocompatibility and hemocompatibility. Similarly,
Yang et al. created a thin lubricious layer of CS/PVA on the surface of segmented polyurethane
(SPU) using a multiple surface modification method (Yang et al., 2007). This method allows
high hydrophilicity, reduces protein adsorption, promotes surface homogeneity, and gradual
elution of chitosan. The inflammation could be reduced due to the low friction on the catheter
surface (Yang et al., 2007). The modified catheters showed antimicrobial effects. In another
study, PVA membrane was deposited on silicone catheter surface using the electrospinning
method, which showed anti-adhesive effects and excellent biocompatibility and
hemocompatibility (Sun et al., 2026). Similarly, PDA and low-alcoholysis PVA were co-
deposited on the surface of microtube catheters (Chen et al., 2026). The PDA and low-
alcoholysis PVA deposited microtube showed excellent lubricity, in vitro biocompatibility and
antibacterial effects. Ran et al. used hydrogen comprised of PVA with B-cyclodextrin (B-CD)
grafts for coating of silicon rubber catheters (Ran et al, 2024). The modified catheters
exhibited robust stabilities, twisting, knotting, and compression. Additionally, modified
catheters showed persistent antibacterial efficacy in vivo and lower levels of inflammation.
Additionally, PVA/polyvinylpyrrolidone based thermoplastic polyurethane exhibited excellent
hydrophilicity and stability. Such coating may decrease coating-related adverse events (Qian
et al, 2025). PVA-based membranes incorporated with lipopeptides, and zinc oxide
nanoparticles developed by solvent casting method showed antimicrobial effects. Additionally,
PV A-lipopeptides based membranes showed hemocompatibility, enhanced optical, thermal,

mechanical, and water barrier properties.

A hydrogel-based layer of PVA loaded with antimicrobial agents such as acetohydroxamic
acid or ciprofloxacin hydrochloride was coated on catheter surface and then covered with an
upper pH-responsive layer to release antimicrobial agents in response to elevation of urinary
pH (Slate et al., 2023). Anti-blockage activity was tested against P. mirabilis associated

crystalline biofilms that cause the blockage of catheters. It was observed that compared to
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empty coatings, blockage time for catheters coated antimicrobial agents was high.
Ciprofloxacin coated catheters significantly increased blockage time and tripled catheter life

span (Slate et al., 2023).

SA being anionic and hydrophilic in nature, form a crosslinked polymeric structure with
elasticity and strength which make it ideal for tissue regeneration (Kurowiak et al., 2020). The
a-L-guluronic acid (G-blocks) having a snake structure and f-D-mannuronic acids (M-blocks)
having stretched structure are main residues of SA connected by glycosidic bonds (Kurowiak
et al, 2020). SA is easily dissolved in water at room temperature and due to its high
biocompatibility, its also used in tissue engineering scaffolds combining with other agents
(Zhou et al., 2014; Wang et al., 2018). Other properties of SA are high oxygen permeability,
haemostasis ability, good biodegradability, and prevention of new granulation tissue from
sticking to the dressing and preventing “secondary damage” during removal. Other biomedical
applications of SA include patches, scar healing, and treatment of bone injuries (Klekiel et al.,

2020).

PDA modified latex urinary catheters pretreated with dopamine was coated with
nanoparticles and polymers including SA using the dip coating method, showed excellent good
biocompatibility, anti-adhesive and antibacterial effects (Yang et al., 2024). SA in combination
with antimicrobial agents can be used as dual-functional composite coating system for
thermoplastic polyurethane (TPU) catheters (Sun et al., 2025). Prior to coating,
glycidoxypropyltrimethoxysilane (KH-560) and polyvinylpyrrolidone (PVP) were used to
form a hydrophilic coating. It was followed by formation of a long-lasting antibacterial
functional layer using the anionic properties of SA combined with cationic antimicrobial
agents. The coating showed antimicrobial effects, cytocompatibility and hemocompatibility
(Sun et al, 2025). A compact, and crack-free polyelectrolyte film created with SA and poly
(diallyldimethylammonium chloride) (PDADMAC) showed antiviral and antibacterial
properties.

The antimicrobial effects of the antifouling polymer coatings can be enhanced by
incorporation of AMPs (Chu et al., 2022). Bactericidal polymer coatings use cationic polymers
to kill bacteria by disrupting their membrane and to mimic the amphiphilicity and charge
composition of AMPs. The local positive charge density is increased by adding the AMPs that
efficiently kill bacteria by constructing star-shaped architectures due to the self-assembly (Chu

et al., 2022). The films of SA are supplemented with probiotic microorganisms, showed
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antimicrobial effects against pathogenic bacteria. The physicochemical and barrier properties
of films and their shelf life were enhanced with the use of probiotics (Kalkan et al., 2025).
Similarly, SA/carboxymethylcellulosegl/glycerol-based films enriched with Lactococcus
lactis presented as edible films showed bacteriostatic effects against S. aureus (Ye et al., 2018).
Similarly, the composite films created with SA, glycerol, and gallnut extract showed
antibacterial and antifungal effects (Aloui et al., 2021). Nesic et al. prepared antimicrobial films
using the pectin, SA and polyglycerol by simple casting method and cross-linked with zinc
chloride, which showed antibacterial and antifungal effects (NeSi¢ et al., 2017). SA was cross-
linked with calcium chloride to produce suitable polymer ink for PAM 3D printing to prepare
the catheter. Initial burst release of antibiotic was observed from drug-loaded/coated catheter
followed by sustained release which disrupted biofilms by suppressing all the QS mediated
virulence factors. Additionally, the coated catheter showed biocompatibility towards 1929
mouse fibroblasts. CS, carboxymethyl chitosan, and hyaluronic acid in combination with a
lysine-based surfactant coated silicone sheets and silicone tubes prevented microbial growth

and biofilms (Bracic€ et al., 2019).

2.14. AMPs-polymers coatings on urinary catheters

Several AMPs accommodated in AMP-polymer conjugates often retain their potent
antimicrobial potential. The peptides immobilize on surface through C-terminus have high
antimicrobial potential, therefore, to achieve high antimicrobial activity, it is important to
immobilize the peptides on the surface through C-terminus that allow N-terminal hydrophobic
domain freely to interact with microorganisms (Yu et al., 2021a). The Cysteine labelled AMP E6
(RRWRIVVIRVRRC) was coated on polyurethane surfaces through using an anti-adhesive
hydrophilic polymer coating (Yu et al., 2017). The aqueous surface-initiated ATRP (SI-ATRP)
was used to graft the catheter surfaces with a copolymer brush followed by modification with
linkers. Next, the modified catheters were immersed in cysteine labelled peptide E6 solution to
immobilize the peptides on polymer brush polyurethane PU catheter. The modified PU catheter
surface showed long term antibacterial effects in vitro against P. aeruginosa, S. aureus and S.
saprophyticus. Additionally, it also showed biocompatible properties. Lim et al. developed a
strategy using a 2-step PDA-based surface immobilization to inject an AMP onto a
commercially available Foley catheter (Lim, 2015). PDA-based platform enhanced peptide

grafting efficacy and antimicrobial potential retained after exposure to a different type of
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solvent conditions, which made it an attractive choice for subsequent translational studies.
However, being in contact with active catheters, the planktonic bacteria were continuing to
proliferate in the surrounding environment. Therefore, controlled release antimicrobial coating
was created by dual-layered assembly (poly-g-caprolactone(P)-1-palmitoyl-2-oleoyl-sn-
glycero3-phosphocholine(P)) (POPC) consisting of an AMP-impregnated basal
polycaprolactone (PCL) matrix layered with a thin POPC film (Lim, 2015). The coating

showed antimicrobial and antibiofilm potential against several bacteria.

Marie et al. fabricated controlled release antimicrobial coatings on silicone urinary catheters
using the AMP-impregnated PEG-PCL anhydrous polymer (Marie et al., 2021). The coated
catheter showed antimicrobial activity for 4 days. Additionally, catheters presented superior
antimicrobial activity and durability compared to commercial silver-based catheters. Low et al.
designed an AMP-based antimicrobial coating for catheters (Low et al., 2021). The
modification did not affect the physical characteristics of catheter. The antimicrobial coating
formulation was efficiently designed for achieving desirable AMP release kinetics. Syringe
coating was used for catheters (Figure 5). Additionally, the modified catheters did not allow

the biofilm formation up to one week.
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Figure 5. Catheter modifications by syringe coating. The coating solution was pumped through
intra and extraluminal surfaces and allowed to dry and AMPs were impregnated through dip
and syringe coating methods into a PCL coating layer. Reproduced with permission of (Low

etal.,2021). Copyrights (2021), Elsevier.
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Anhydrous PCL and AMP HHC36-based coating on silicone urinary catheters showed
controlled release of AMP in in vivo studies with high biocompatibility (Lim et al., 2018). A
polymer brush comprised of poly(3-[dimethyl-[2-(2-methylprop-2-enoyloxy)ethyl]azaniumyl]
propane-1-sulfonate) and AMP HHC36 was created with hierarchical architecture on
polyurethane catheters. Modified catheter ishowed broad spectrum antibacterial effects by
inhibiting the growth of E. coli and S. aureus, high hemocompatibility and low cytotoxicity
(Zhang et al., 2019). Polymyxin B was nanohybridized with a zwitterionic antifouling polymer
to fabricate antimicrobial catheter through sonochemical coating using the ultrasonic
transducer Ti-horn (Ivanova et al., 2021). The catheters showed antimicrobial and antibiofilm
effects against P. aeruginosa, a one of the most common CAUTI pathogens. Additionally,
catheters showed negligible toxicity against two mammalian cell lines, namely fibroblasts and
keratinocytes. Ring open polymerization of e-trif luoroacetyl-l-lysine (Tfa-Lys)-TFA-Lys N-
carboxyanhydride allowed the immobilization of antimicrobial PLL brush on the surface of
catheter, which showed potent antibacterial effects against several bacteria in vitro (Liu et al.,
2023). Additionally, the catheters also showed antimicrobial effects and was biocompatible in

Vivo.

Yu et al. dissolved copolymer N,N-Dimethylacrylamide and N-(3-Aminopropyl)
Methacrylamide (PDMA-co-APMA) in anhydrous acetonitrile following by addition of
ilodoacetic acid N-hydroxysuccinimide ester into the solution (Yu et al., 2021a). The
polyurethane catheters were dipped into a 24-well plate containing dopamine and uhPDMA,
for one day. PDA/PDMA-co-APMA-I/polydopamine coated catheters were immersed
overnight in solution of several peptides including E6, Tet20C, DJKSC, 3002C with cysteine
at the C-terminus, IDR-1018, and Tet20LC (Yu et al, 2021a). The catheters showed
antimicrobial and antibiofilm effects against several bacteria in vivo, as well as
biocompatibility. The addition of non-fouling polymer such as PDMA enhances the antibiofilm
properties of AMP coatings. PDMA prevents the accomulation of bacterial debris thus provide
regenerating surface for killing of bacteria through thus antimicrobial potential of AMPs
retained (Yu et al., 2021a). Additionally, presenting AMP within the antifouling layer without
direct attachment to the polymer chains is highly efficient, substrate-independent and do not
need the any further modification which make it superior to other AMP conjugation methods
(Gallardo et al., 2014; Salwiczek et al., 2014). It was suggested that interaction with coating
components causes alteration of secondary structure of the conjugated peptides (Gao et al.,

2012; Yu et al., 2015a) which may reduce antimicrobial effects of AMP-conjugated surfaces.
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The testing and identification of AMPs for relevant conditions is very important. Mishra et al.
immobilize AMP onto silicone catheters by chemical coupling method employing allyl
glycidyl ether (AGE) brush (Mishra et al., 2014). Before AMP immobilization, the catheters
were incubated with allyl glycidyl ether. Next, catheters were treated with peptide CysLasio-
III in phosphate-buffered saline. The AMP functionalised catheter showed antimicrobial
effects against (Mishra et al, 2014).

Liu et al. developed a durable antibacterial polyurethane-based coating incorporating
crosslinked PLL on catheter using the drop casting method (Liu et al., 2026). The modified
catheter showed excellent antimicrobial activity and maintain nearly 100% bactericidal activity
for more than 3 weeks and have good low-friction properties which allow easy insertion of the
catheter. The polymers such as SA, methylcellulose, and PEG impregnated with antimicrobial
agent secnidazole used for 3D printing of catheter to suppress QS mediated virulence factors
(Archana et al, 2023). The AMPs and polymers used in urinary catheters to present

antimicrobial properties as shown in Table 1.

Table 1. Efficacy of antimicrobial peptides-polymers coatings on urinary catheters.

AMPs Polymers Outcomes Reference
Cysteine- Poly(N,N-dimethylacrylamide- =~ Coated catheter showed (Yuetal, 2017).
modified AMP co-N-(3) biocompatibility and

(synthetic aminopropyl)methacrylamide) antimicrobial effects.

AMP)

CWRI11 Allyl glycidyl ether Contact killing surface exhibited

(synthetic biocompatibility and

AMP) antimicrobial potential against (Lim, 2015).
Poly(e-caprolactone) &  1- Controlled-release antimicrobial
Palmitoyl-2-oleoyl-sn-glycero-3- coating inhibited the growth of
phosphocholine bacteria.

HHC36 Poly(ethylene glycol) & Coating showed controlled- (Marie et

(synthetic polycaprolactone release antimicrobial effects. 2021)

AMP)

al.,



Synthetic AMPs

HHC36
(synthetic
AMP)

HHC36
(synthetic
AMP)

Polymyxin B

Paenibacillus
polymyxa-
derived AMP
E6, Tet20C,
DJKS5C, 3002C,
IDR-1018, and
Tet20LC
(synthetic
AMPs)

CysLasio-III
(synthetic
cysteine-

modified AMP)

Cationic
epsilon-poly-I-

lysine (Derived

Polycaprolactone, Ethyl

Cellulose, and 1-Palmitoyl-2-

oleoylphosphatidylcholine

Polycaprolactone & 1-Palmitoyl-
2-oleoyl-sn-glycero-3-
phosphocholine

Poly(3-[dimethyl-[2-(2-
methylprop-2-
enoyloxy)ethyl]azaniumyl]propa

ne-1-sulfonate)

Poly(sulfobetaine) methacrylate

N,N-Dimethylacrylamide and N-
(3-Aminopropyl)
Methacrylamide

Poly(allyl glycidyl ether)

Polyurethane

Coating showed controlled-

release antimicrobial effects.

Coating showed controlled-

release antimicrobial effects

The coated -catheter showed

broad spectrum antimicrobial
effects, good hemocompatibility

and low cytotoxicity.

Coated catheters showed

antimicrobial effects and

negligible toxicity.

The catheters showed

antimicrobial and antibiofilm
effects against several bacteria in

vitro and in a mouse infection

model, as well as
biocompatibility.
The functionalised catheter

inhibited the growth of E. coli
and E. faecalis.

The coated catheters effectively
inhibited the growth of bacteria
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the catheters also showed

biocompatibility in vivo.
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biocompatibility and
antimicrobial effects against

bacteria and fungi.
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2.15. Justification

To curb CAUTI, a wide variety of antimicrobial agents have been coated on the surface of
catheters, among which AMPs being potent antimicrobial agents are one of the most appealing
candidates. Their multi-antimicrobial mechanisms on the plasma membrane and rapid
antimicrobial action (Zhang et al., 2022) make them less prone to antimicrobial resistance
(Xuan et al., 2023). AMPs are generally less toxic for the mammalian cells due to bearing
positive charge because of selective affinity for negatively charged membranes (Singha et al.
2017). Besides antimicrobial potential, AMPs are immunomodulatory and have angiogenesis
properties, wound healing, and antitumor activity (Ebenhan et al., 2014; Chen et al., 2020). A
wide variety of AMPs showed antimicrobial effects as coatings on catheter (Mishra et al., 2014;
Soyhan et al., 2024; Marie et al., 2021; Low et al., 2021; Lim et al., 2018; Wang et al., 2020).
AMPs derived from the toxin of the Brazilian spider Lycosa erythrognatha including LyeTx I
and its analogues including LyeTx I mnAK emerge potent antimicrobial agents and can be
potentially coated on catheter to provide antimicrobial effects. These AMPs have already
shown antimicrobial potential against several drug-resistant pathogens, including S. aureus, E.
coli, Candida krusei, Cryptococcus neoformans, A. baumanni, quinolone-resistant
uropathogenic E. coli (Santos et al., 2010, Nunes et al., 2019; Brito et al., 2021; Lima ef al.,
2021; Souza et al., 2025; Ul Haq et al., 2026) and are less toxic to mammalian cells than
microbial cells (Reis et al., 2018; Fuscaldi et al., 2021; Lima et al., 2021).

Considering the broad-spectrum antimicrobial potential of LyeTx I mnAK (Fuscaldi et
al., 2021; Vieira et al., 2024a; Lima et al., 2021; Ul Haq et al., 2026), it was decided to coat it

on the catheter to functionalize it with antimicrobial effects.

This is the first time investigating LyeTx I mnAK for the coating of medical implants
coating such as catheters. LyeTx | mnAK was incorporated in a biopolymer sodium alginate
(SA) and deposited on medical grade silicon through ultrasonic deposition method. SA is easily
dissolved in water, has high biocompatibility (Wang et al., 2018), oxygen permeability,
haemostasis ability, and good biodegradability (Klekiel et al., 2020). SA form a stable system
with antimicrobial agents (Thakur et al., 2018). In the previous study, the SA-based urethral
stent showed mechanical strength, biocompatibility, maintained satisfactory urine flow and met
strength requirements (Klekiel et al.,, 2020). The ultrasonic deposition system forms ultrathin

and uniform coatings and offers good control over thickness (Maryam er al., 2026).
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Additionally, coating properties can be precisely tuned through programmable parameters

including number of coating layers and flexible spray speed.



2.16.
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Hypothesis and objectives

The present study hypothesized that coating urinary catheters with polymers and AMPs

produces antimicrobial and anti-biofilm effects with minimal toxicity towards mammalian

cells, thereby preventing CAUTIs and extending catheter lifespan.

Consequently, the following objectives have been indicated:

1.

To identify UPECs pathogens based on the biochemical-physiological and
morphological features.

To assess the antimicrobial effects of spider Lycosa erythrognatha derived AMPs.

To assess anti-adhesive and antibiofilm effects of LyeTx I mnAK peptide.

To evaluate the mechanism of action of LyeTx I mnAK peptide by performing

molecular docking of LyeTx I mnAK with bacterial adhesin in silico.

. To assess pharmacokinetic properties of LyeTx I mnAK through ADMET analysis in

silico.
To assess LyeTx I mnAK toxicity in vitro and in vivo.
To assess whether the incorporation of LyeTx [ mnAK into the polymers enhances its

stability.

. To optimize the ultrasonic spray deposition method to produce a continuous polyvinyl

(PVA) coating loaded with the model antimicrobial peptide poly-L-lysine (PLL) on the
urinary catheter.
To deposit sodium alginate/LyeTx I mnAK on medical-grade silicon sheets and verify

its applicability as antibacterial and antibiofilm coating.
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Chapter II: Experimental part

3. Materials and methods
3.1. AMPs

The Lycosa erythrognatha spider venom derived AMPs such as LyeTx I and its analogues

(Table 2), were supplied by (Syn™; Shanghai, China).

Table 2: Sequences and chemical properties of LyeTx I and its analogues. Reproduced from
(Ul Haq et al. 2026).

Name e [M'em 1)* Mon.M [Da] Amino acid residues sequence Number of
residues
LyeTx I 5690 2832.48 H-IWLTALKFLGKNLGKHLAKQQLAKL-NH> 25
LyeTx Ib 5690 2695.34 H-IWLTALKFLGKNLGKLAKQQLAKL-NH, 24
LyeTx I mn 5690 1701.11 H-IWLTALKFLGKNLGK-NH> 15
LyeTx I mnAK 5690 1829.28 H-IWLTKALKFLGKNLGK-NH» 16
LyeTx I mnAKAc 5690 1871.32 Ac-IWLTKALKFLGKNLGK-NH, 16
LyeTx I mnAKL 5690 1942.44 H-IWLTKALKFLGKNLGKL-NH> 17
LyeTx ImnAKwN 5690 1716.16 H-IWLTKALKFLGKLGK-NH; 15

*g¢: Molar extinction coefficient at 280 nm; Mon.M: Monoisotopic mass. Molecular mass and
molar extinction coefficient were determined empirically from the primary peptide sequence
using the free and open-source software PepCalc (Innovagen AB™; Lund, Sweden;

https://pepcalc.com).

3.2. Antimicrobial activity of AMPs

Antimicrobial assays of all AMPs were performed against 10 clinical quinolone-resistant
UPEC:s isolates through Minimum Inhibitory Concentration (MIC) and minimum bactericidal
concentrations (MBC) according to CLSI MO07 (2018). The mechanism of quinolones
resistance of UPECs isolates were identified by Paiva et al. (Paiva et al., 2012) (Table 3). Prior
to antimicrobial assays, quinolone resistance and resistance to other antimicrobials were

determined for UPECs by disk diffusion method following the recommendations of Brazilian



Code

EC11

EC31

EC49

EC58

EC71

EC74

EC81

EC90

EC97

EC99
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Committee on Antimicrobial Susceptibility Testing (BrCAST, 2024). E. coli ATCC 25922 was

included as a reference strain for experimental control purposes.

Table 3: Antimicrobial resistance profile of UPECs used in this study.

NAL

>1024

>1024

>1024

>1024

>1024

>1024

>1024

>1024

>1024

>1024

MIC to quinolones (ug/mL)*

OFL

64

64

256

64

64

32

16

64

64

NOR

256

256

512

256

16

64

512

32

512

512

CIP

64

64

512

32

16

16

16

16

LVF

16

32

128

32

32

32

16

32

32

Inhibition holes in mm

(Interpretation)
SUT FOS NIT
31(S) 25(S) O(R)
32(8) 27(S) O(R)
28(S) 24(S) O(R)
30S) 27(S) O(R)
32(8) 21 (R) O(R)
0 (R) 12(R) 0(R)
16 (S) 0(R) 0 (R)
0 (R) 0(R) 26(S)
0 (R) 27(S) 17(S)
34(S) 29(S) O

Resistance mechanisms to

quinolones*

GyrA mutation: S38L; D87N
GyrA mutation: S38L; D87N
GyrA mutation: S38L; D87N
GyrA mutation: S38L; D87N

GyrA mutation: S38L; D87N;
K162N

GyrA mutation: S38L; D87N
GyrA mutation: S38L; D87N
oGyrA mutation: S38L; D87N
eParC mutation: S80L
oPMQR: gnrSi

GyrA mutation: S38L; D87N;
E153A; K154T; P156L

GyrA mutation: S38L; D87N

*Previously characterized by PAIVA et al., 2020. PMQR: Plasmid-mediated quinolone resistance; NAL:
Nalidixic acid; OFL: Ofloxacin; NOR: Norfloxacin; CIP: Ciprofloxacin; LVF: Levofloxacin, SUT:

Sulfamethoxazole-Trimethoprim; FOS: Fosfomycin; NIT: Nitrofurantoin. S: Susceptible; R: Resistant. MIC:

Minimum inhibitory concentrations.

3.3. MIC and MBC of AMPs

To perform MIC, bacterial inoculum was prepared using the 24-hour culture from nutrient

agar (Vieira et al., 2024b). Few bacterial colonies were transferred to sterile saline (NaCl

0.85%) from bacterial culture. The suspension turbidity was adjusted to 0.5 McFarland
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standard (10® colonies-forming units (CFU)/mL) using a spectrophotometer (optical density,
OD) at 630 nm between 0.08 to 0.13; Shimadzu UVmini-1240™, Kyoto, KY, Japan). To
prepare an inoculum of 10° CFU/mL, 50 uL of saline suspension was transferred to 10 mL of
Mueller—Hinton broth (MHB). A 100 pL of inoculum added to 96 well plates containing the
AMPs previously two-fold diluted in a concentration range of 0.5 to 128 uM as previously
described (Lima et al., 2021). Tween-80™ (0.002%) was added to wells to prevent the
adherence of AMPs to plates (Ling et al, 2015). For the positive control, colistin and
meropenem were added in wells, and the untreated wells were included as negative controls.
The plates were incubated for one day at 37 °C. MIC was defined as the lowest concentration
of AMP that completely inhibited visible growth of bacteria. There were three replicates for
this experiment. To determine MBC, a 100 pL of the culture medium was aspirated from
optically free growth wells of MIC plates and transferred to Muller-Hinton agar plates (Lima
et al., 2025). The medium was spread with a Drigalski loop on the surface of the agar plates

which were incubated for 24 h at 37 °C.

3.4. LyeTx I mnAK effects on biomass and viability of UPECs biofilms

Anti-biofilm activity of the AMP was assessed in a microplate-based model against ten
isolates of UPECs. MHB supplemented with 1% of glucose suspension was prepared for each
UPEC isolate. The suspension was added to microplate previously containing LyeTx [ mnAK
at sub-inhibitory concentrations (1/2, 1/4, and 1/8 of MIC) and incubated at 37 °C for one day.
After incubation, the medium was removed and NaCl 0.85% was used to wash the plates. After
washing, methanol was used to fix the biofilms for 5 min at 37 °C and then stained with 0.1%
(w/v) crystal violet for 30 minutes. Again, plates were washed with saline (three times; NaCl
0.85%), air-dried, and solubilized with 30% glacial acetic acid. In the last stage, absorbance at
595 nm was measured using a spectrophotometer (Bio-Tek Instruments™; Winooski, VT,
USA). In relation to the negative control (considered 100% biomass) the biomass percentage
was calculated (Herrera ef al., 2022). On the other hand, the plates used in MTT assay were
washed three times with sterile saline after removing the medium. MTT solution (0.25 mg/L;
125 puL) was introduced in the well of microplates and incubated at 37 °C for 4 h while covered
with aluminium foil to protect them from light. The supernatant was removed from plates after
4 h, the formazan crystals were solubilized with 125 uL of DMSO, and plates were incubated

after 30 min of incubation at room temperature. After incubation, the OD of wells was
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determined photometrically at 595nm (Bio-Tek Instruments™; Winooski, VT, US). The cell
viability percentage was calculated relative to the untreated control (considered 100% viability)
and was graphically presented (Trafny et al., 2013). Both assays were conducted in sextuplicate

with at least two independent experiments.

3.5. Effect of LyeTx I mnAK on UPECs adhesion on urinary catheters

Anti-adhesive effect of AMP against UPECs was evaluated on catheter segments (Sousa et
al., 2019). 1 cm sterilized PVC-urethral catheter segments were introduced 10 ml MHB tubes
supplemented with 1% glucose. 1 pg/mL. AMP was added to the tubse and then 100 uL of a
suspension containing 10® CFU/mL of UPECs. The tubes were incubated in shaking incubator
at 37 °C for 24 h. The experiment was conducted in triplicate. After incubation, the medium
was removed and catheter segments were transferred to sterile saline (NaCl 0.85%) (5mL)
containing vials and incubated in a shaking incubator for half an hour. Next, the catheters were
removed in an aseptic way and placed in 5 mL of sterile saline tube and sonicated at 40 kHz
for 5 min (Unique™; Indaiatuba, SP, Brazil). Samples were homogenized and serially diluted
in sterile saline (10! t0107). A 100 uL of sample from each dilution was spread on MacConkey
agar surface plates and incubated at 37 °C for 24 h. After incubation, the morphotypic colonies
of UPEC E. coli were counted to determine the bacterial load (CFU/cm catheter). The samples
which were proceeded without peptide were considered as negative control. Additionally for
Scanning Electron Microscopy (SEM) analysis, AMP treated catheters segments incubated in
UPEC-inoculated MHB. Next day, before SEM analysis, the non-adherent cells were removed
by washing (three times) the catheters with sterile saline (NaCl 0.85%) and catheters fixed with
2.5% glutaraldehyde for 3 h at 4 °C. Different concentrations of ethanol (30%, 50%, 70%, 90%,
and 100%) were used to dehydrate them by 10 min soaking. The catheters were placed on
aluminium stubs and sputter-coated 10 nm thin layer of gold (Denton Vacuum/US) after
drying. To see adherent bacteria on catheters, they were examined under SEM (Zeiss™,;
Oberkochen, WG, Germany) under high vacuum at an accelerating voltage of 10 kV. The
images of adherent bacteria captured at different magnifications. Sample which was proceeded

without peptide were considered as negative control.
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3.6. Evaluation of in vitro and in vivo toxicity of LyeTx I mnAK

To assess the cytotoxic effect of LyeTx I mnAK in vitro, human embryonic kidney cell
(HEK-293) was used using the MTT assay (Zheng et al., 2016) as suggested by ISO
10993:2009 (Standardization, 2009). Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) was used for culturing of cells and incubated
at 37 °C in a 5% CO: incubator. After cells reaching 70-80% confluency, were detached by
using the 0.25% trypsin-EDTA and counted through a hemocytometer after neutralizing. Next,
100 pL of cell suspension (5 x 10* cells/mL) was seeded into each well of a 96-well plate for
24 h. Cells were washed and incubated in a fresh medium, followed by addition of AMP the
peptide. Next, PBS was used for washing of cells after incubation. MTT solution (5 mg/mL)
was added to wells and incubated again for 4 h followed by adding 100 uL of DMSO and
mixed for 30 minutes. The microplate reader (Bio-Tek Instruments™; Winooski, VT, USA) at
600 nm was used to read the plates. The cell viability in relation to peptide concentration was
analysed to determine the 50% cytotoxic concentration (CCso), identifying the concentration

that caused a 50% reduction in viability.

Acute toxicity of AMP was assessed using the Six-week-old female BALB/c mice,
according to the Organization for Economic Co-operation and Development (OECD) protocol
423 (OECD, 2002) with modifications. All the international protocols for laboratory animal
management were strictly followed. Animals were kept in Bioterio of Faculdade de Saude
Santa Casa de Belo Horizonte, Brazil under controlled temperature range of 25+2 °C, 40%
humidity, water and food ad libitum and a 12/12 h light/dark cycle. Three different
concentrations of LyeTx I mnAK were administered in animals (3 animals for each animal
through the intraperitoneal route. Animals were monitored for one hour after administration to
notice any behavioural alterations. The food, water, and animal’s weight were examined every
day for 14 days. After 14 days, anesthesia was given to given to animals to euthanize them.
After euthanization, blood was collected from all the animals to measure creatinine levels using
commercial kits (Quibasa-Bioclin™; Belo Horizonte, MG, Brazil). Additionally, the kidneys
were removed from all the animals. The left kidney was weighed before and after drying in an
oven at 37 °C for 24 h to determine renal edema. On the other hand, histological slides stained
with hematoxylin and eosin were prepared using the right kidney. The slides were analysed

under a light microscope (Zeiss™; Oberkochen, WG, Germany).



37

3.7. LyeTx I mnAK stability

The stability AMP was assessed by incubating in filter sterilized mammalian urine at 37 °C
for 1, 3, 6,9, 12, 24, and 48 hours. Aligoutes were removed during specific incubation times
to perform MIC against a clinical isolate of UPEC (Isolate EC 90). The AMP incubated in

water (strelized) was included as a control.

3.8. Biopolymers selection for the incorporation of LyeTx I mnAK

Different biopolymers, including PVA, chitosan, pectin, and sodium alginate, were screened
with the model antimicrobial peptide poly-L-lysine (PLL) to determine the most suitable
polymer for LyeTx I mnAK coatings. Briefly, a 20 ml 2.8% pectin solution was prepared by
adding the pectin in deionized water at 70°C under continuous magnetic stirring for 2 h.
Subsequently, temperature of solution was reduced after achieving homogeneity to add the
0.15 ml of 0.1% (w/v) PLL (MW: 150,000-300,000 g/mol). The pectin/PLL solution was
stirred to dissolve the PLL, and solution was cast on the Petri dish to obtain dry films. The
following day, the pectin/PLL films peeled off and cross-linked with 0.8-0.33% Caclz2. A 1.3%
SA solution was prepared by slowly sprinkling the SA into deionized water heated to 60—65°C
while stirring continuously with a magnetic stirrer for 1 hour. After SA fully dissolved it was
then allowed to cool to room temperature and 0.15 ml PLL was mixed with 20 ml SA solution
by stirring. The SA/PLL solution was cast on the Petri dish and next day peeled off and cross-
linked with 5% CaClz. The 20 ml 2.8% chitosan solution was prepared in 2% (v/v) acetic acid
under continuous stirring for 3 hours. Next, 0.15 ml PLL was added to the 20 ml chitosan
solution, and chitosan/PLL solution was cast on the Petri dish. The following day, the films
were peeled off and cross-linked with 5% glutaraldehyde. Similarly, a 20 ml 9.3% PVA
solution was prepared by slowly adding the PVA into deionized water to approximately 80-
90°C while stirring continuously with a magnetic stirrer overnight. The following day, the
solution was allowed to cool to room temperature, 0.15 ml PLL was added and the resulting
PVA/PLL solution was stirred to properly dissolve the PLL. The PVA/PLL solution was cast
on Petri dish and next day the films were peeled off and cross-linked with 5-9% glutaraldehyde.
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3.9. Stability of polymers/PLL films

All the polymers' films were evaluated for stability in the phosphate-buffered saline (PBS;
pH 7.4) for 7 days and were observed daily to evaluate their stability. The polymer films that

did not disintegrate during incubation were selected for further evaluation.

3.10. PVA/PLL deposition on urinary catheters through ultrasonic spray system

To achieve uniform, stable, and reproducible coatings, preliminary experiments were
performed using PVA with PLL to optimize ultrasonication-based coating parameters
including polymer concentration and number of coating layers. For preliminary experiments
PLL as an antimicrobial agent was used in PVA coating on catheters. 0.5% (w/v) PVA
(molecular weight of 85,000 g/mol) solution was prepared by dissolving PVA in deionized
water by heating at 70 °C with continuous stirring. The temperature of the solution was reduced
to add the PLL with volume ratio between 400:1 and 100:1 (Table 4) as reported in previous
studies on PVA/PLL systems (Wahid et al., 2019). Ultrasonic coating system (UCS)
(ExactaCoat from Sono-Tek Corporation) was employed to deposit the PVA/PLL solution on
commercially available two-way Foley silicone catheter, and silicon flat sheets. The catheters
coated with PVA only were included as control. The nozzle speed of the UCS was 5 mm/sec,
a flow rate of 0.25 cm®/min, nozzle rotational speed of 90 revolutions per minute, ultrasonic
frequency of 60 kHz and an ultrasonic power of 3 W. Air at a pressure of 2 Pa was applied to
direct the polymer solution onto the applied surface. Multiple layers were deposited to attain

uniform and compact coatings.

Table 4. Chemical composition of PVA/PLL and SA/LyeTx I mnAK.

PVA/PLL

Samples PVA PLL PVA: PLL Volume

(0.5%) (0.1%) Ratio
PVA/PLL-1 20 mL 0.05 mL 400:1
PVA/PLL-2 20 mL 0.10 mL 200:1
PVA/PLL-3 20 mL 0.20 mL 100:1
PVA (control) 20 mL 0 mL 1:0

SA/LyeTx I mnAK

Samples SA (0.17%) SA/LyeTx I mnAK Mass ratio of LyeTx

I mnAK to SA
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SA/PLL 20 mL 2 mg I mg: 10 ml

SA (control) 20 mL 0 mg 1:0

3.11. SA/LyeTx I mnAK coating on flat silicon sheets

A 0.17% (w/v) SA solution was prepared by dissolving SA in 20 mL deionized water with
continuous stirring. Once solution was homogenized 2 mg LyeTx I mnAK was added. Prior to
coating, the silicone sheets were plasma-treated using a low-pressure plasma cleaner (femto-
ARS-200, Diener Electronic, Germany) at 120 W for 15 min with a 13.56 MHz RF generator.
SA/LyeTx I mnAK solution was deposited on plasma treated silicon using the UCS using the
same parameters which were employed for PVA/PLL except increasing ultrasonic power to

7.5 W from 3 W. Multiple layers were deposited to attain uniform and compact coatings.

3.12. Surface characterization of coatings

The surface features of PVA, PVA/PLL, SA, and SA/LyeTx I mnAK and controls were
analysed using the scanning electron microscopy (SEM) (Phenom ProX, Thermo Fisher
Scientific, Waltham, MA, USA) with voltage 15 keV at different magnifications. The energy-
dispersive spectroscopy (EDS) integrated with SEM was used to evaluate the elemental
composition of the coatings. The specific chemical groups on coatings were identified by
Fourier-transform infrared spectroscopy (FTIR) using an IR PerkinElmer Spectrum Two
equipped with a UATR diamond accessory (Waltham, MA, USA). Spectra were obtained in
the range of 4000-400 cm™, with 16 scans collected for background and coated catheters and
compared with pristine silicon catheter. Additionally, surface wettability was evaluated using
the sessile drop method with a contact-angle goniometer (OCA 15EC, Data Physics,
Filderstadt, Germany) by dropping a 4 uL of water on coatings and left to spread for 60 seconds.
Water contact angles (WCAS) were recorded and analysed by SCA20 U software. Average

WCA values were calculated from triplicate measurement of each sample to ensure accuracy.
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3.13. Invitro biocompatibility of coatings

Normal human dermal fibroblasts (NHDFs) were used to check the biocompatibility of
coating. The segments of PVA/PLL coated catheter, SA/LyeTx I mnAK coated silicon and
controls were sterilized with UVP CL-1000 ultraviolet crosslinker at UV 254 nm for 3 times,
1 min each side. The segments of coated catheters along with controls (pristine catheters) were
added to the cell culture plates previously contained NHDFs seeded in DMEM) supplemented
with 10% FBS and 1% penicillin—streptomycin, at a density of 2 x 10 cells per well in 500 pL.
The plates were incubated for 48 h at 37 °C in 5% CO.. Each sample consisted in replicate (n
= 3), standardized to dimensions of 1 x 1 cm. After incubation, catheter segments were
aseptically removed and 50 pL (10%) of Alamar blue reagent was added to plates and incubated
for 4 h. A microplate reader was used to measure the fluorescence values (excitation: 530-560
nm, emission: 590 nm). The readings of the PVA/PLL coated catheter, SA/LyeTx I mnAK
coated silicons, and controls were compared to cells without any treated samples (viability of

100%) to determine cell viability. Cell viability was assessed using the following formula:

Cell Viability (%) _ Fluorescence of treated cells % 100%

Fluorescence of control cells

3.14. Antimicrobial effects of coatings

Antimicrobial effects of PVA/PLL coatings were evaluated against E. coli ATCC25922, S.
epidermidis ATCCI12228, and C. albicans ATCC18804. Briefly, the inoculum of each
microorganism was prepared by adding a single colony in 10 mL of Luria-Bertani (LB) broth
and incubated at 37 °C overnight in a shaking incubator (250 rpm). Next day, cultures were
diluted by a factor of 1:100 in fresh LB broth and grown to reach the ODgoo of 0.7 and then
standardised to 0.5 McFarland standard (approximately 1.5 x 10® CFU/ml) using a
densitometer. LIVE/DEAD™ BacLight™ Bacterial Viability Kit (ThermoFisher, USA) was
used to assess the antimicrobial effects of all coated catheters. This kit identifies dead and live
cells of microorganisms based on the compromised membrane. Dead or dying cells are stained
red by propidium iodide while live cells are stained green by SYTO™ 9, Prior to LIVE/DEAD
assay, all the catheters' samples were sterilized by UV irradiation for 30 min. After sterilization
the samples were transferred to cell culture plates consisting of 1 mL LB broth and 10 pL of
microbial inoculum in each well and incubated at 37 °C overnight. Next day, samples were
removed and washed twice with sterile 1 x phosphate-buffered saline (PBS, pH 7.0) (Merck,
USA). A 3 pL of Propidium Iodide and SYTO™ 9 was added into 1 mL of PBS and vortexes
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for 5 s to prepare staining solution. A 50 pL of the staining solution was dispensed on all the
catheters' surfaces and incubated in the dark for half an hour. The mounting medium was spread
on the stained catheter surfaces already affixed to a microscope slide and covered with a cover
slip. Catheters were incubated for 15 minutes and analyzed using fluorescence confocal
microscope (Model: Fluoview FV 3000, Lense: UPLSAPO 60XS, Mag: 60x) to visualize live
cells (488 nm) and dead cells (561 nm). In case of SA/LyeTx I mnAK-coatings, antimicrobial
effects were determined by OD measurements. The standard reference strains, S. aureus
(ATCC 25923) and E. coli (ATCC 25922) were used in antimicrobial experiments. The
inoculum of each bacterium was prepared by adding a single colony in 10 mL of Luria-Bertani
(LB) broth and incubated at 37 °C overnight in a shaking incubator (250 rpm). Next day,
cultures were diluted by a factor of 1:100 in fresh LB broth and grown to reach the ODsoo of
0.7 and then standardised to 0.5 McFarland standard (approximately 1.5 x 108 CFU/ml) using
a densitometer. Samples were immersed in 48 well plates consisting of 900 ul LB broth and
100 ul diluted culture and plates were incubated at 37 °C for 24 h. Next day samples were
removed and culture medium was used to measure the OD and determine bacterial inhibition
percentages. Samples coated with SA were used as control. The experiment was performed in

triplicate.

3.15. SEM analysis of microbial adhesion on coatings

To perform SEM analysis, the coated catheters and silicon were added to 12 well plates
consisting of 1 mL LB broth inoculated with 10 uL microbial inoculums. Microbial inoculum
was prepared as discussed in the earlier section. The coated catheters and silicon substrates
with microorganisms were incubated at 37 °C for 24 h. Pristine catheters were included as a
control. The next day, the catheters were washed with PBS for 10 minutes. Then catheters were
dehydrated in a graded ethanol series (30%, 50%, 70%, 80%, 90%, 95%, and 99.8%), with
each concentration applied for 10 minutes. Catheters were kept at room temperature for one
day to air dry and then sputter-coated with a 2 nm layer of gold to achieve a conductivity. The
images of catheters were taken at 600x, 1000x, and 5000x magnification using a scanning

electron microscope (Phenom ProX, Thermo Fisher Scientific, Waltham, MA, USA) at 10 kV.
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3.16. Antimicrobial effects of SA/LyeTx I mnAK coating against CAUTI pathogens

Antimicrobial activity of SA/LyeTx I mnAK coating was evaluated against 4 different
CAUTI pathogens such as Staphylococcus epidermidis, Pseudomonas aeruginosa, Proteus
mirabilis, and UPEC, according to de Sousa et al. (Sousa et al., 2019). Uncoated silicon, SA,
and SA/LyeTx I mnAK coatings were introduced into sterile tubes containing 10 ml MHB
supplemented with 1% glucose. Each tube contained approximately 10® CFU/mL of the
respective pathogen. The tubes samples and pathogens were incubated in shaking incubator at
37 °C for 24 h. The experiment was conducted in triplicate. Next day, the coatings were
transferred to sterile saline (NaCl 0.85%) (5mL) containing vials and placed in a shaking
incubator for 30 minutes. Afterwards, the samples were removed in an aseptic way and placed
in another tube containing 5 mL of sterile saline and sonicated at 40 kHz for 5 min (Unique™;
Indaiatuba, SP, Brazil). Samples were homogenized and serially diluted in sterile saline (10!
t010). A 100 uL of sample from each dilution was spread on Tryptic Soy Agar surface plates
and incubated at 37 °C for 24 h. Next day, the morphotypic colonies of pathogens were counted

to determine the bacterial load.

3.17. Stability of SA/LyeTx I mnAK coating

To test antimicrobial stability of SA/LyeTx I mnAK coating, its activity was tested after
incubation in freshly collected sterile mammalian urine for 1, 3, 5, 7, 9, 12, and 14 days. After
specific incubation times coatings were removed and evaluated for their antimicrobial activity
against a clinical UPEC isolate (EC90) by measuring bacterial growth using OD. The SA

coating was included as a control.

3.18. In silico/docking analysis of PLL and LyeTx I mnAK

Docking analysis was performed to check the interactions of PLL (ID:162282) and LyeTx
I mnAK with adhesion proteins of £. coli. The SMILES (Simplified Molecular Input Line Entry
System) structure of PLL was obtained from PubChem. PLL was docked with adhesin proteins
such as FimH and PapG through the ClusPro webserver. The 3D crystal structures of PapG and
FimH were obtained from the Protein Data Bank (PBD) and prepared for interaction studies
using Molecular Operating Environment (MOE) to evaluate potential receptor—ligand binding

geometries (Maryam et al. 2026). Regarding LyeTx I mnAK, ITASSER web server was used
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to predict the three-dimensional (3D) structure (Roy et al. 2010) visualized via PyMOL (Zhang
et al., 2012) and validated through a Ramachandran plot (Sobolev et al., 2021). AMP was
docked with adhesin of E. coli such as FimH through software ClusPro web server (Kozakov
et al., 2017). The 3D crystal structure of FimH (PDB ID: 3MCY) was downloaded from the
PDB and prepared for interaction studies with the MOE (Agu et al., 2023). The Simplified
Molecular Input Line Entry System structural format of the LyeTx I mnAK sequence obtained
using a web-based tool, PepSMI (https://www.novoprolabs.com/tools/convert-peptide-to-
smiles-string). ADMET profiles involving key parameters were assessed using the latest

version (July 2021 Release) of ADMETlIab 2.0 platform (https://admetmesh.scbdd.com/).

3.19. Statistical analysis

Experiments were conducted in triplicate or sextuplicate depending on the assay. Shapiro-
Wilk test was used to assess the data normality. The groups were compared by one-way
analysis of variance (ANOVA), using Dunnet’s post hoc test for comparison with the control
group. Tukey’s post hoc test was used to compare the different doses/concentrations of AMP.
In both cases, statistical differences were considered when the p-value was less than 0.05. The
GraphPad Prism™ version 5.03 software was used to generate the graphs. The results were
expressed as meantstandard deviation. Data analysis was carried out using OriginPro (Version
2024, OriginLab Corporation, Northampton, MA, USA). Quantitative data obtained from
confocal microscopy images were analyzed using ImagelJ software (version 1.54g; National

Institutes of Health, Bethesda, MD, USA).
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Chapter II1: Results part
4. Results
4.1. UPEC isolates identification

The isolates were identified using biochemical-physiological and morphological techniques.
As shown in Table 5, all included isolates presented a biochemical profile like E. coli. All were
glucose fermenters and indole producers, relevant chemical markers in the identification of E.

coli. In addition, all isolates presented a gram-negative rod morphology.

Table 5: Biochemical-physiological profile, morphology, and growth characteristics of UPEC
isolates included in the study.

Code Biochemical test MacConkey agar
Suc  Glu H2S Ind Ure DL Gas Mot Lac Growth  Visc. BS

E. coli ATCC* + + - + - + + + + + Low +
EC11 + + - + - - + + + + High +
EC31 + + - + - + + + + + Low +
EC49 - + - + - + + + + + High +
ECS58 - + - + - + + + + + Low +
EC71 - + - + - + + + + + Low +
EC74 - + - + - + + + + + Low +
EC81 - + - + - + + + + + Low +
EC90 - + - + - + + + + + High +
EC97 - + - + - + + + + + Low +
EC99 - + - + - - + + + + High +

Suc: Sucrose; Glu: Glucose; H2S: Hydrogen sulfide; Ind: Indole; Ure: Urea; DL: Lysine decarboxylation; Mot:

Motility; Visc: Mucosity; BS: Biliary salt precipitation; GNB: Gram-negative bacilli. *E. coli ATCC 39218.
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GNB

GNB

GNB

GNB
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4.2. Antimicrobial activity of LyeTx I and its analogues

All the tested peptides showed antimicrobial effects against UPEC isolates as shown in
Table 6. The peptides showed MICs ranging from 2 uM to 64 uM as shown in Table 6. The
inhibitory concentration for 50% of the tested isolates (MICso) of the prototype LyeTx I was 4
uM, LyeTx I-b had 16 uM MIC, LyeTx [ mn 64 uM, and LyeTx I mnAK showed 2 puM MIC.
Additionally, another analogue of LyeTx [ named LyeTx I mn showed an MICsg of 64 pM. On
the other hand, LyeTx I mnAK, another analogue synthesized by addition of a lysine (K)
residue to the LyeTx I mn peptide, was also effective against UPEC isolates showed MICsg of
2 uM. Other anolagues such as Ac-LyeTx I mnAK showed MICso 64 uM and LyeTx I mnAKL
showed MIC of 4 uM and 2 pM respectively. The antibiotics such as meropenem and colistin
showed MIC against all UPEC isolates within expected range i-e MICso of 375 nM and MICso
of 92.5 nM respectively. The MBC results showed that all the peptides have bactericidal
potential revealed by their MBC value ranging from 4 pM to 128 pM (Table 6). For highly
antimicrobial efficacy against UPEC isolates, LyeTx I mnAK was selected for further

experiments.
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Table 6: MIC and MBC of LyeTx I and its derivatives against quinolone-resistant UPECs. Reproduced from (Haq ez al., 2026).

Code Peptides (uM) Controls (nM)
LyeTx I L.Ib L. mn L. mnAK L. mnAKAc L. mnAKL L. mnAKwN Colistin Meropenem
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MIC
EC11 4 8 32 32 64 64 2 8 64 128 4 8 2 8 125 60
EC31 4 8 16 16 64 64 2 8 64 64 4 8 4 8 250 60
EC49 4 8 16 16 64 64 2 8 64 64 4 8 2 4 500 60
EC58 4 8 32 32 64 64 2 8 64 128 8 16 2 8 250 250
EC71 4 8 16 16 64 64 2 8 64 128 4 8 2 8 250 60
EC74 8 64 16 16 64 64 2 8 64 128 4 8 2 8 250 60
EC81 8 16 16 32 64 64 2 8 64 128 4 8 4 8 500 125
EC90 4 8 16 32 64 64 2 8 64 64 4 8 4 8 500 125
EC97 16 16 16 32 64 64 2 8 64 64 4 8 2 4 500 125
EC99 8 64 16 16 64 64 2 8 64 64 4 8 2 8 500 125
MICso 4 16 64 2 64 4 2 375 92.5
MBCso 8 24 64 8 96 8 8 - -

L=LyeTx I
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4.3. Structure prediction of the LyeTx I mnAK and validation

The 3D structure of the AMP is formed mainly by an alpha-helical fold as shown in Figure
6. A predominant helical region (red) observed in by peptide structure profile. Additionally, a
coil region is also observed (blue), and some residues of peptide acting as extended regions
(green). The quality factor was 87.5% of the peptide as shown in Ramachandran plot Figure 7

which also shows that 91.7% of residues lie in favoured regions.

Figure 6. The predicted 3D structure of LyeTx I mnAK in cartoon and stick form (A) and in
mesh form (B). Reproduced from (Haq et al., 2026).
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Figure 7. Validation of LyeTx I mnAK (A) and its structure profile. (B) The Ramachandran
plot depicts 91.7% residues in favoured regions and 8.3% in the additional allowed regions.
(Haq et al., 2026).
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4.4. Membrane docking of LyeTx I mnAK docking with FimH

Membrane docking studies showed that LyeTx I mnAK binds with the adhesion protein of
UPEC called FimH (Figure 8) through several key amino acids. Hydrogen bond was observed
by Ilel from the N-terminal portion of the peptide with Serl7 residue of FimH and Phe9 of
LyeTx I mnAK and the Arg60 residue of FimH as shown in Figure 9. The C-terminal region
of the peptide also binds with FimH protein through hydrogen bonds by its Asn13 and Leul4
with GIn59/GIn143 and Argl32 in FimH, respectively.

Figure 8. Bacterial protein FimH 3D structure in cartoon form. Reproduced from (Haq et al.,

2026).

Figure 9. LyeTx I mnAK docking with FimH in different representation modes (A). Display
receptor surface as H-bond donor and acceptor (B). LyeTx I mnAK-FimH interaction along

labeled residues (C). LyeTx I mnAK in cartoon form while protein in surface form is depicted
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in cyan color (D). LyeTx I mnAK-FimH is in cartoon form in red and cyan, respectively.

Reproduced from (Haq et al., 2026).

4.5. ADMET profile of LyeTx I mnAK

The in silico ADMET analysis of LyeTx I mnAK indicated a low probability of adverse
toxicological effects. The predicted AMES mutagenicity score was 0.008, while the
carcinogenicity probability was 0.036. The probability of drug-induced liver injury was
negligible (0.000), and the predicted skin sensitization probability was 0.117. In terms of
distribution, plasma protein binding was estimated at 23%. The predicted blood—brain barrier
penetration was low, with a value of 0.018. Metabolism predictions indicated that LyeTx I
mnAK is neither an inhibitor nor a substrate of CYP1A2. For CYP3AA4, the peptide showed a
low probability of inhibition (0.093. Regarding absorption, LyeTx I mnAK demonstrated high

predicted human intestinal absorption with a value of 0.99.

4.6. Anti-biofilm activities of LyeTx I mnAK

Sub inhibitory concentrations of LyeTx I mnAK such as 0.25 uM, 0.50 uM, and 1 uM for
its anti-biofilm potential using the crystal violet and MTT for biomass and viability of UPECs
biofilms respectively. The biomass reduction results varied based on the tested isolate as shown
in Figure 10. The highest 20% of the biomass was reduced by all LyeTx I mnAK concentrations
of the EC 81 and EC 90 isolates. Subsequently, the average biomass of EC 58 and EC 74 was
reduced by 10% at 1 uM peptide concentration. The biomass of other isolates was not affected

by any concentrations of the peptide.
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Figure 10. The inhibition of biofilm biomass of UPEC isolates by LyeTx I mnAK at various
concentrations. (values are presented as mean + standard deviation). One, two, three, and four
asterisks (*, **, *** and ****) indicate statistically significant differences compared with the

control at 0.01 <p <0.05, 0.001 <p <0.01, 0.0001 <p <0.001, and p < 0.0001, respectively.
Reproduced from (Haq et al., 2026).

However, MTT assay shows that the peptide effectively reduced the viability of UPECs
inside biofilms in dose dependent manner but varied based on the isolate number. The highly
susceptible isolate was EC 11 which 80% of viability was reduced by peptide all
concentrations. The viability of EC 90 only decreased at high concentration of the peptide
(approximately 80% at 1 uM). The viability of other isolates was found decreased from 20%

to 40% at concentration of 1 pM (Figure 11).
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Figure 11. The inhibition of biofilm viability of UPEC isolates by LyeTx I mnAK at various
concentrations. Data are presented as mean = SD. Statistical significance is indicated by

asterisks. Reproduced from (Hagq et al., 2026).

4.7. Anti-adhesive effects of LyeTx I mnAK of UPECs on catheter

AMP showed anti-adhesive effects against UPECs on the urinary catheter at concentration of
1 pg/ml. Compared to control, peptide reduces 1-Log reduction of UPECs biofilm on catheter
surface (Figure 12).
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Figure 12. Reduction of bacterial biofilm formation of UPEC isolates on catheter surfaces after
treatment with LyeTx I mnAK (1 pg/mL). Bacterial (CFU counts per cm of catheter surface
for different UPEC isolates. Untreated: without LyeTx I mnAK. Data are presented as mean +

SD. Statistical significance is indicated by asterisks. Reproduced from (Hagq et al., 2026).

SEM analysis showed that LyeTx I mnAK prevented the adherence of UPECs cells on
the surface of the catheter while the control group catheter (without peptide treatment) showed

a higher number of UPEC cells (Figure 13).
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Figure 13. SEM analysis of untreated and AMP-treated catheters at low (x100) and high
(%3,300—%4,500) magnifications. AMP treatment markedly reduced UPEC colonization on the
catheter surface. Reproduced from (Haq et al., 2026).

4.8. Stability of LyeTx I mnAK

Stability tests showed that antimicrobial potential of peptide against UPEC was greatly
affected by incubation in urine. Since the peptide which was incubated in urine was used in
MIC at different intervals. Initially, at 0 h the MIC was typically 2 uM but reach to 32 uM after
1-3 h of incubation. After 6 h of incubation, the MIC reached to 64 pM and was same till 9 h
then reach to 128 uM after 24-48 h of incubation. In turn, the LyeTx I mnAK incubated in
water consistently showed 2 uM (Table 7).



54

Table 7: MIC of the AMP after incubation in urine at different time intervals. Reproduced
from (Haq et al., 2026).

Times MIC of LyeTx I mnAK (uM)
Urine Water

Oh 2 2

1-6 h 32 2

9-12h 64 2

24-48 h 128 2

MIC: Minimum Inhibitory Concentration.

Cytotoxicity results showed that LyeTx I mnAK exhibited a CC50 value of 32.72 upM in HEK-
293 cells.

4.9.Toxicity evaluation of LyeTx I mnAK in vitro and in vivo

Cytotoxicity results showed that AMP at 32.72 uM concentration became toxic to 50% of
HEK-293 cells (CCso) (Figure 14).
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Figure 14. Cytotoxicity of AMP against HEK-293 cells. Reproduced from (Ul Haq et al,
2026).

In vivo toxicity studies showed that no animal died from AMP treatment (Figure 15).
Compared to the control, LyeTx I mnAK slightly affected the food intake, including caloric,
protein, carbohydrates, and lipids, but highly affected the food efficiency, as shown in Table
8.
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Figure 15. Dose-dependent assessment of clinical signs in mice treated with different
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Table 8. LyeTx I mnAK effect on mice food intake and metabolic parameters. The food intake
(caloric, carbohydrate, protein, and lipid intake) slightly reduced in control animals, whereas
food efficiency increased somewhat in all experimental animals. (values are presented as

mean + standard deviation). Reproduced from (Ul Haq et al., 2026).

Food intake (g/g of animal)
Control AMP 1 pg/Kg AMP 5 ng/Kg AMP 10 pg/Kg
6.77+0.20 5.1040.52 5.33+0.24 5.20+0.13

Carbohydrates intake (g/g of animal)
3.11+0.09 2.34+0.24 2.45+0.11 2.39+0.06

Proteins intake (g/g of animal)
1.56+0.05 1.17+0.12 1.22+0.06 1.20+0.03

Lipid intake (g/g of animal)
0.27+0.01 0.20+0.21 0.21+0.001 0.21+0.005

Calorie intake Kcal/g of animal)

21.11+0.63 15.90+1.62 15.34+0.70 15.094+0.40

Feed Efficiency (mg/Kcal)
3.2+1.40 5.62+3.69 2.41+0 4.02+1.40

The weight gain of all the animals with all tested concentrations and control was same (p >

0.05) (Figure 16).
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Figure 16. LyeTx I mnAK effect on body weight of mice. Weight variation was observed in

animals administered with different concentrations of peptides. The animals administered with

1 pg/kg peptide showed high growth; the animals with 5 pg/kg peptide showed less growth

compared to control animals and 1 pg/kg peptide animals. Whereas the animals administered

with 10 pg/kg peptide showed higher growth than 5 pg/kg peptide animals and control. (values

are presented as mean + standard deviation). Reproduced from (Haq et al., 2026).

The toxicity study focused on the urinary system revealed that no change was observed in

renal masses nor any signal of edema (Figure 17). The serum creatinine level was high in the

animal administered with the 10 pg/kg AMP which indicates that renal function could be

impaired.
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Figure 17. Renal toxicity of AMP in mice. All the tested concentrations do not significantly
alter kidney weight or induce edema; however, the increase in creatinine levels at the highest
dose (10 pg/kg) indicates a reduced glomerular filtration rate and possible nephrotoxicity. Data
are presented as mean + SD. Statistical significance is indicated by asterisks. Reproduced from

(Haq et al., 2026).

Moreover, mild tubular degeneration was observed at 10 ug/kg of AMP as shown in renal

histological analyses (Figure 18).
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Figure 18. Histological analysis of kidney tissues from mice treated with different
concentrations of peptide. Glomerular and tubular regions of kidneys. The control group
exhibits normal histological architecture in both glomerular and tubular regions. Mice treated

with LyeTx I mnAK at doses of 1, 5, and 10 pg/kg show dose-dependent morphological
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changes. At higher doses (5 and 10 pg/kg), notable alterations are observed, including tubular
dilation, interstitial inflammation, and glomerular congestion, particularly prominent in the

tubular region. Reproduced from (Haq ef al., 2026).

4.10. Deposition and surface characterization of coatings of PVA and PVA/PLL

PVA exhibited good film-forming properties and was therefore selected for further
optimization of coating studies using the model AMP PLL. Several polymer layers were
applied to achieve a uniform and compact coating on catheters. SEM images collected at 1000x
magnification showed that 5- and 9-layers coatings of PVA are not even (Figure 19A) while
11 layers coatings revealed uniform and even coatings on catheters. Additionally, surface
roughness values of each layer were calculated in Average maximum peak-to-valley height
(Rz) and Arithmetic average roughness (Ra) (Figure 19B-C). The surface roughness values for
the 5-layer sample were measured as Rz of 6.4 + 0.1 pm and Ra of 1.7 + 0.2 pm 9-layer as Rz
0of 2.4+ 0.5 pm and Ra 0f 0.96 + 0.05 pm, while 11 layer as Rz of 1.3 + 0.2 um and Ra of 0.52
+0.03 pm which indicate uniformity and smoothness. EDS was used to determine the chemical
compositions of each layer of samples (Figure 19D). It was observed that increasing the layers’
numbers gradually cover the catheter's surface therefore from a smooth and uniform polymer

layer.
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Figure 19. SEM images at 1000x magnification of catheters coated with different layers (A).
11-layered surface revealed a uniform coating. Surface roughness values in R, and R, were
calculated for each layer (B) to provide an analysis of surface textures (C). Chemical
composition of each layer was analysed through EDS (D). (values are presented as

mean =+ standard deviation). Reproduced from (Maryam et al., 2026).

After optimizing the PVA coating layers catheters, PVA/PLL solution was coated on
catheters. SEM images showed uniformity of the PVA to PLL coated catheters regardless of
their ratio (Figure 20A). Carbon and oxygen were high in highest ratio PVA/PLL coating while
silicon (48.9 £ 5.2 at.%) and oxygen (51.1 £ 2.0 at.%) as primary chemical components
observed in untreated samples (Figure 20B). Catheter coatings with different concentrations of
PVA/PLL showed the same level of silicon content (9-10 at.%) without statistically significant
differences, confirming the uniformity of coating regardless of PLL content. Carbon content of

66-67 at.% was observed in PVA and PVA/PLL coated catheters while no carbon detected in
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uncoated catheters. However, regarding roughness profiles, PLL appeared to affect the
roughness, as PVA/PLL 400:1 showed Rz value of 1.6 + 0.2 um and an Ra value of 0.29 + 0.03
pm while roughness was high for uncoated and PVA samples which exhibited Rz values of 2.6
+ 0.3 um and 2.5 = 0.5 um, and Ra values of 0.49 + 0.02 um and 0.6 + 0.1 um, respectively
(Figure 20C).
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Figure 20. SEM images of all the samples at 1000x magnification (A). Chemical composition
(B), roughness values (C) provide a comparative analysis of surface texture of pristine and

coated catheters. (values are presented as mean = standard deviation). Reproduced from
(Maryam et al., 2026).
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4.11. FTIR analysis of coatings of PVA and PVA/PLL

In FTIR analysis, the Si-O-Si asymmetric and symmetric stretching vibration bonds at
1010 cm ™! and 780 cm™!, respectively was observed in pristine silicon catheter (Figure 21A).
The band at 1260 cm™ is represent the vibrations of the Si—-O-Si network. Additionally,
transmittance bands associated with silanols were identified within the range of 2850 cm ™! to
3300 cm!. Regarding the PVA spectrum, the bands within the 1480-1380 cm™" range was
observed that corresponds to the bending vibrations modes of O—H and C—H bonds of PVA.
Another prominent band at approximately at 1715 cm™, was identified, corresponding to the
stretching vibration modes of carbonyl (C=0O) groups and additional peaks at 1090 cm™ and
843 cm™! attributed to C—O and C-C stretching vibrations, respectively. Whereas the PLL
peaks in FTIR spectrum of all PVA/PLL coatings displayed at 2848-2915 cm™', 1462 cm™,
and 720 cm™', which correspond to N—H stretching, CH> bending, and C—H bending vibrations,
respectively. Furthermore, the coating uniformity was also confirmed by absence of
characteristic stretching and vibrational bands for silicon (Si-O-Si) in PVA and PVA/PLL

samples.

4.12. Wettability analysis of coatings of PVA and PVA/PLL

Wettability tests were performed for all the catheters to assess a surface’s hydrophilicity as
presented in Figure 21B. The contact angle of the pristine catheter was 176.4 + 2.0° that is
characteristic of hydrophobic silicon. The contact angle of PVA coated catheter 67.6 + 0.9°,
was low compared to pristine catheter. It was suggested that presence of hydroxyl groups in
the structure of PVA coatings improve the hydrophilicity of the surface. Moreover, surface
wettability did not influence significantly with addition of PLL, maintaining contact angles

around 72-73° for all PLL ratios.
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Figure 21. FTIR (A) and contact angle analysis of uncoated catheter, PVA and all the samples

(B). (values are presented as mean + standard deviation) Reproduced from (Maryam et al.,

2026).

4.13.

Biocompatibility of coatings of PVA and PVA/PLL

Cytotoxicity assay revealed the high cell viability of the PVA/PLL towards Normal Human
Dermal Fibroblast or Normal Human Dermal Fibroblasts (NHDFs), namely 90 + 2 % in the
presence of PVA/PLL (400:1) coated catheter, 85 + 2 % for 200:1 coating and 83 = 1 % for
100:1 while 91 + 1 % for PVA coating and 94 + 1 % for pristine catheter (Figure 22).
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Figure 22. NHDFs cell viability percentages for PLL coated catheters (n = 3). As a control,

cells without any treatment were used (viability 100 %). (values are presented as

mean + standard deviation). Reproduced from (Maryam ez al. 2026).
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4.14. Polylysine docking with FimH and PapG

A single e-PL showed binding with FimH and PapG proteins of E. coli as shown in Figure
23A. Based on the three-dimensional box binding configurations between the protein and
ligand polymer was revealed by the Molecular operating environment (MOE) that produced a
docking score using the molecular mechanics forcefields. The binding energy with PapG was
-8.3608 and FimH -7.8268. Figure 23A shows the 2D interactions and FimH, and Figure 23B

and C show the 3D interactions.
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Figure 23. 2D interactions of e¢-PL with PapG and FimH (A); 3D interactions of &-PL with
PapG (B) and 3D interactions of e-PL with FimH (C). Reproduced from (Maryam et al., 2026).
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4.15. SEM analysis for microbial adhesion on PVA and PVA/PLL coated catheters

SEM images showed that microbial attachment was significantly decreased on the surface of
catheters coated with PVA/PLL (Figure 24-26). The coating with high PLL (100:1)
concentrations lead to highest microbial reduction on surface while 400:1 coating reduces less
microbial attachment compared to 100:1 coating. The coating with highest PLL concentrations,
100:1 significantly reduces the clusters of E. coli and is observed to be more dispersed. Coating
with a 200:1 ratio also reduces E. coli adhesion however less compared to 100:1 but higher
reduction compared to 400:1. On a PVA/PLL coated surface, E. coli cells isolated and distorted
compared to PVA coating that observed with uniform cells distribution exhibiting a rod-shaped
morphology which show higher microbial density which suggest less anti-adhesive activity

(Figure 24).

&
i

Figure 24. The SEM images obtained at magnifications of 1000x (A) and 5000x (B) shows
reduced E. coli adhesion on PLL coated catheters compared to the PVA. Reproduced from
(Maryam et al., 2026).

Similarly, anti-adhesive effects of PVA/PLL coatings against S. epidermidis were also
found to be dependent on PLL concentration (Figure 25) as in higher PLL concentration
coatings few cells observed on the surface. While on PVA coatings showed typical spherical
morphology of S. epidermidis and appear mostly dispersed, with some small clusters which are
different from PVA/PLL coatings that showed altered bacterial arrangement due to presence

of PLL.
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Figure 25. The SEM images obtained at magnifications of SEM 1000x (A) and 5000x (B)
shows reduced S. epidermidis adhesion on PLL coated catheters compared to the PVA.

Reproduced from (Maryam et al., 2026).

Regarding C. albicans, 100:1 coating revealed pronounced filamentous growth
(hyphae/pseudohyphae) with reduced clustering while the 200:1 based coatings showed a
mixed morphology including yeast cells and emerging pseudohyphal structures. The 400:1
sample showed abundant yeast cells, although slightly less aggregated while control coating,
based on pure PVA showed a typical dense network of yeast cells and small number of hyphae
indicating biofilm development (Figure 26). Overall, increasing PLL content reduced microbial
attachment and influenced C. a/bicans morphology, indicating a PLL concentration-dependent

anti-adhesive and antifungal effect.
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Figure 26. The SEM images obtained at magnifications of 1000x (A) and 5000x (B) shows
reduced Candida albicans adhesion on PLL coated catheters and more sparse areas.

Reproduced from (Maryam et al., 2026).

4.16. Viability of microorganisms on PVA and PVA/PLL coated catheters

LIVE/DEAD assay was performed to distinguish viable and non-viable cells on coated
catheters to assess antimicrobial effect. It was found that viability of E. coli, S. epidermidis,
and C. albicans on coated catheter decreased with increasing PLL content (Figure 27A) while
control PVA based coating showed highest viability of microbial cells. Increasing PLL content
in the coatings (from PVA: PLL 400:1 to 200:1 and 100:1) resulted in decreasing microbial
viability on the catheter surface. The coating with highest PLL ratio 100:1, significantly
reduced the viability of all microbial cells that was revealed by reduction in fluorescence due
to impaired microbial membrane. The quantitative analysis of LIVE/DEAD assay found 65 +
4 % E. coli live cells on PVA coating (Figure 27C), the coating 400:1 found with 42 + 2 %)),
and 100:1 found with very low number of E. coli live cells percentage declines to below 30 +
1 % which showed that highest antimicrobial potential of coating with higher PLL

concentrations.
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Figure 27. Confocal microscopy images of live (green) and dead/dying (red) cells of all tested
microorganisms (A); coverage of live and dead microbial cells (B); cell density of live/dead

cells tested microorganisms (C). (values are presented as mean + standard deviation).

Reproduced from (Maryam et al. 2026).

Compared to E. coli, PVA/PLL coated catheters cause high reduction of the S. epidermidis
at all concentrations of PLL viability (Figure 27A), with the most pronounced effect observed
at the 100:1 ratio (Figure 27A). Overall, S. epidermidis cells coverage was approximately 16.6
+ 0.8 % on PVA coated catheters, however, reduce to 1.6 + 0.1% on the PVA/PLL (100:1)
indicating the PLL mediated antimicrobial effects (Figure 27B). The living cells percentage of
S. epidermidis was 70 + 3% PVA coated catheters which is quite high compared to the 100:1
sample that was found with 1.1 £ 0.1 % (Figure 27C). Regarding C. albicans, increased hyphal
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formation was observed with dispersed green fluorescence and localized red signal on 400:1
catheter due to low PLL concentration (Figure 27A). 200:1 catheter showed clumping of the
green fluorescence signal due to clustering of cell aggregation. The percentage of living cells
of C. albicans was 90 £ 4 % on PVA coated catheters while reduced to around 72 + 3% on
400:1 indicating antifungal effects due to PLL presence. Interestingly, 100:1 coated catheter,
with highest PLL concentrations showed approximately 38 + 1 % living cells of C. albicans

(Figure 27C) indicating a high antimicrobial potential.

4.17. Deposition and surface characterization of SA and SA/LyeTx I mnAK coatings

During the screening of biopolymers, SA exhibited the greatest structural stability and was
therefore selected for deposition of LyeTx I mnAK. Several SA layers were deposited to
achieve a uniform and compact coating on silicon sheets. SEM images showed that 15, 25, and
30 layers coatings of SA are not even (Figure 28A) while 35 layers coatings revealed uniform
and even coatings on silicon. The plasma treatment of samples greatly supports the SA coating.

The uniform coating of SA/LyeTx I mnAK was optimized in 30 layers (Figure 28B).

(A) 15 Layers 25 Layers 30 Layers 35 Layers

(B) Uncoated

Figure 28. SEM images at magnification of 270x of silicon coated with several layers of SA,
35-layered surface reveals a uniform coating (A). Uncoated, SA coated and SA/LyeTx I mnAK
coated samples (B).
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Elemental analysis was performed for all the coatings through SEM-EDS. SA coating and
SA/LyeTx I mnAK coating revealed higher contents of carbon 44.96 + 3.91 at.% and 42.28 +
1.32 at.% respectively (Figure 29). The oxygen content was 33.80 = 3.49 at.% in SA coating,
29.85+0.75 at.% in SA/LyeTx I mnAK coating, and 52.46 + 1.17 at.% in the uncoated silicon.
The silicon content was high in uncoated silicon, 47.54 £+ 1.18 at.%, which reduced to 19.33 +
0.79 at.% and 25.03 + 1.57 at.% for the SA and SA/LyeTx I mnAK coatings, respectively,
indicating successful surface coverage. On the other hand, sodium content increased from 1.91
+ 0.47 at.% in the SA coating to 2.90 + 0.31 at.% in the SA/LyeTx I mnAK coating. No
significant difference in carbon atomic percentage was observed between the SA and
SA/LyeTx I mnAK coatings (p = 0.351). In contrast, the oxygen and silicon atomic percentages
differed significantly among the groups (p < 0.001). Both coatings significantly reduced the
oxygen and silicon contents compared with the uncoated surface, while the SA/LyeTx I mnAK
coating exhibited a significantly higher silicon content than the SA coating (p = 0.0029).
Additionally, the SA/LyeTx I mnAK coating showed a significantly higher sodium content
than the SA coating (p = 0.045).
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Figure 29. Atomic concentrations of uncoated, SA, and SA/LyeTx I mnAK coating determined
using EDS. Data are presented as mean + SD. Statistical significance is indicated by asterisks.

ns, not significant (p > 0.05).

The uncoated surface exhibited an aerial surface roughness (Sa) of 213.3 = 2.5 nm (0.213
+0.003 um) (Figure 30A). Deposition of the SA coating reduced the roughness to 174.3 £ 52.1
nm (0.174 = 0.052 pm). The incorporation of LyeTx I mnAK AMP increased the roughness to
317.0+39.1 nm (0.317 £ 0.039 um) which may be due to its interactions with anionic alginate

matrix, therefore, altering the coating microstructure and promoted the formation of nanoscale
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protrusions. The SA/AMP coating significantly increased the Sa compared with both the
uncoated (p < 0.05) and SA-coated (p < 0.01) surfaces. The three-dimensional surface
topography images obtained by optical profilometry are presented in Figure 30B, illustrating

the morphological differences among the surfaces.
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Figure 30. Roughness values of uncoated, SA, and SA/LyeTx I mnAK coated surfaces provide
a comparative analysis of their surface texture (A). Three-dimensional surface topography of
the uncoated surface, SA coating and SA/LyeTx I mnAK coating obtained by optical
profilometry (B). Data are presented as mean + SD. Statistical significance is indicated by

asterisks.

4.18. FTIR analysis and wettability and of SA and SA/LyeTx I mnAK coatings

A broad band observed in the 3200-3500 cm™ region in FTIR spectrum of the SA
corresponds to O-H stretching vibrations associated with hydroxyl groups and hydrogen-
bonded water molecules (Figure 31A). The peaks in the 1600-1400 cm™ region are
characteristic of the asymmetric and symmetric stretching modes of carboxylate (COO")
groups present in the alginate structure while bands within the 1200-800 cm™ region assigned
to C—O—-C and C-O stretching vibrations confirms the presence of SA (Figure 31A). The
presence of the peptide was indicated by the Amide I band (1600-1690 cm™), arising primarily
from C=O0 stretching vibrations of the peptide backbone, as previously reported by (Aboul-
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enein et al., 2014). Changes in the intensity and shape of this band were observed in the

SA/LyeTx I mnAK spectra (Figure 31A).

Water contact angles of the uncoated surface were 127.5 + 2.7°, while SA and SA/LyeTx
I mnAK coated silicon exhibited contact angle values of 51.3 = 1.6° and 42.4 + 3.3°,
respectively, which indicates a moderately hydrophilic surface (Figure 30B). With the coating
of the SA and SA/ LyeTx I mnAK, the surface wettability of the silicon is greatly increased.
The water contact angle of the SA/LyeTx I mnAK coating was noticeably reduced compared
with those of the PVA-coated catheter (67.6 £ 0.9°) and the PVA/PLL-coated catheter (72—
73°), indicating that incorporation of LyeTx I mnAK increased the surface hydrophilicity. Both
coatings significantly reduced the contact angle compared with the uncoated surface (p <
0.0001), with the SA/LyeTx I mnAK coating showing a lower contact angle than the SA
coating (p < 0.05).
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Figure 31. FTIR (A) and contact angle analysis of uncoated silicon, SA and SA/AMP (B).

Data are presented as mean + SD. Statistical significance is indicated by asterisks.

4.19. Biocompatibility of SA and SA/LyeTx I mnAK coatings

The cytotoxicity assay revealed that NHDFs cultured in the presence of the uncoated
silicon maintained high cell viability (96.8 + 7.5%) as shown in figure 32. The viability of
NHDFs slightly reduced to 92.2 £ 5.0 % in the presence of SA coating, which was comparable
to that of the uncoated control. While the viability was 84.9 + 8.1% in the presence of

SA/LyeTx ImnAK coatings. Although viability of cells exposed to SA and SA/LyeTx I mnAK
was slightly reduced (p > 0.05).
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Figure 32. NHDFs cell viability percentages for uncoated silicon surface, SA coated surface,
and SA/LyeTx I mnAK coated surface. As a control, cells without any treatment were used

(viability 100 %). Data are presented as mean + SD. ns, not significant (p > 0.05).

4.20. Antimicrobial activity of SA and SA/LyeTx I mnAK coatings

The ODesoo measurements revealed that S. aureus growth was lowest on the SA/LyeTx I
mnAK-coated samples (ODesoo = 0.975 + 0.302), representing a significant reduction relative to
growth control (p < 0.001), uncoated silicon (p < 0.05), and SA-coated samples (p < 0.01)
(Figure 33A). The highest ODsoo value was observed for the SA-coated samples (ODesoo = 1.837
+ 0.064), while cultures incubated on uncoated silicon exhibited an intermediate ODsoo value
(1.536 £ 0.032) (Figure 33A). The SA/LyeTx I mnAK coating inhibited S. aureus growth by
36.43 + 20.31% compared to the uncoated surface (p < 0.05) and by 47.27 + 14.84% relative
to the SA coating alone (p <0.01) (Figure 33B). The ODsoo value of the E. coli culture incubated
with SA/LyeTx I mnAK-coated samples was 0.675 £ 0.095, representing a significant
reduction relative to the growth control (p < 0.0001), uncoated samples (p < 0.01), and SA-
coated samples (p < 0.05) (Figure 33A). In contrast, the ODsoo values for the SA-coated and
uncoated samples were 1.030 + 0.064 and 1.543 = 0.011, respectively. The SA/LyeTx [ mnAK-
coated samples exhibited E. coli inhibition of 56.29 + 5.86% rela tive to the uncoated samples

(p <0.001), and 34.63 = 4.99% relative to the SA-coated samples (p < 0.01) (Figure 33B).
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Figure 33. ODesoo of S. aureus and E. coli cultures incubated with SA/LyeTx I mnAK-coated,

SA-coated, and uncoated samples (A). Bacterial growth inhibition percentages (B). Data are

presented as mean + SD. Statistical significance is indicated by asterisks.

4.21. SEM analysis for microbial adhesion on SA and SA/LyeTx I mnAK coatings

SEM analysis showed that microbial attachment was low on the surface of samples coated

with SA/LyeTx I mnAK when compared with uncoated surface and SA-coating (Figure 34,

35). SA/LyeTx I mnAK coated sample showed only few isolated S. aureus cells without any

cell clusters or biofilms (Figure 34). While the uncoated surface showed several S. aureus cells

and extensive colonization on the surface. The SA-coating that was without peptide also

showed localized aggregates of S. aureus cells which surrounded the surface indicating the

microcolony formation.
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(A)

Uncoated SA/LyeTx I mnAK
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Figure 34. SEM images of samples exposed to S. aureus at magnifications of 1000x (A) and
5000x (B) showed differences in bacterial distribution. SA/LyeTx I mnAK coatings showed

less adhesion of S. aureus.

Additionally, SEM micrographs of SA/LyeTx I mnAK coating showed only a few E. coli
cells and no dense adhesion on the surface. There are no extensive aggregation or mature
biofilms observed on the surface (Figure 35). A SA coating sample was found with smaller
clusters and scattered adherent cells of E. coli showing high microbial adhesion. The uncoated
surface showed a large and dense aggregate of E. coli suggesting a high biofilms growth
covering a significant portion of the surface. The addition of peptide in the coating greatly

reduces the microbial adhesion on the surface.
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Uncoated SA/LyeTx I mnAK
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Figure 35. SEM images of samples exposed to E. coli at magnifications of 2000x (A) and
5000x (B) showed differences in bacterial distribution. SA/LyeTx I mnAK coatings showed

less adhesion of E. coli.

4.22. Antimicrobial activity of SA and SA/LyeTx I mnAK coating against CAUTI
pathogens

SA/LyeTx I mnAK coating showed anti-microbial activity against CAUTI pathogens such
as S. epidermidis, P. aeruginosa, P. mirabilis, and UPEC (Figure 36A) by reducing their
viability by 0.96 = 0.32, 0.61 = 0.22, 0.80 + 0.29, and 0.99 + 0.08 log, respectively, compared
to uncoated samples (all p < 0.01). While the reductions compared to SA-coating were 0.95 +
0.34, 0.62 £ 0.22, 0.90 + 0.28, and 0.94 £ 0.09 log, respectively (all p < 0.01). The inhibition
of SA/LyeTx I mnAK coating against S. epidermidis, P. aeruginosa, P. mirabilis, and UPEC,
was 89.0%, 75.5%, 84.2%, and 89.8%, respectively (Figure 36B), compared with the uncoated
samples. Compared with the SA-coating, the SA/LyeTx I mnAK coating exhibited
approximately 88.8%, 76.0%, 87.4%, and 88.5% inhibition of S. epidermidis, P. aeruginosa,
P. mirabilis, and UPEC (Figure 36B), respectively. However, no significant differences were
observed between inhibition percentages calculated relative to the uncoated and SA-coated

surfaces for any bacterial strain (p > 0.05).
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Figure 36. Viable bacterial counts (log CFU/cm?) recovered from uncoated, SA-coated, and
SA/LyeTx I mnAK-coated silicon surfaces (A). Inhibition (%) by SA/LyeTx I mnAK relative
to uncoated silicon and SA-coating (B). Data are presented as mean + SD. Statistical

significance is indicated by asterisks.
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4.23. Antimicrobial stability of SA/LyeTx I mnAK coating in urine

The antimicrobial activity of the SA/LyeTx I mnAK coating after incubation in urine for
up to 14 days was evaluated against a clinical UPEC isolate (EC90) by measuring bacterial
growth (ODeoo) (Figure 37A). The cultures incubated with the SA/LyeTx I mnAK-coated
samples consistently exhibited lower ODsoo values relative to growth control and SA-coated
samples. However, the ODsoo values gradually increased after 5 days of incubation. The growth
control consistently exhibited the highest ODsoo values (2.22 + 0.07-2.39 + 0.15), followed by
the SA coating (1.63 + 0.06—1.86 = 0.02), whereas the SA/LyeTx [ mnAK coating showed the
lowest ODsoo values throughout the 14-day study (1.21 £ 0.12-1.62 + 0.03) (Figure 37A).
During the first 5 days, the ODsoo values of the SA/LyeTx I mnAK coating remained
significantly lower than those of both the growth control (p < 0.0001) and the SA coating (day
1, p<0.001; day 3, p < 0.001; day 5, p < 0.01). On day 7, the coating continued to exhibit
significantly lower ODsoo values than the growth control (p < 0.0001) and SA coating (p <
0.01). By day 9, significant differences were maintained relative to both the growth control (p
< 0.0001) and SA coating (p < 0.05). After 12 and 14 days of incubation, the SA/LyeTx I
mnAK coating remained significantly different from the growth control (p < 0.0001), whereas
no significant difference was observed compared with the SA coating (p > 0.05). The 1-day
incubated SA/LyeTx I mnAK coating exhibited 48.60 + 3.99% inhibition relative to the growth
control and 33.39 + 7.88% relative to the SA coating (p < 0.01). After 3 and 5 days of
incubation, the coating maintained high antibacterial activity, with inhibition percentages of
43.61 + 1.00% and 47.82 + 4.78% relative to the growth control, and 32.67 £ 2.21% (p > 0.05)
and 31.30 + 3.05% (p <0.01) relative to the SA coating, respectively. Thereafter, the inhibition
relative to the SA coating progressively decreased to 20.23 + 3.49% after 7 days (p < 0.01),
10.82 + 3.27% after 9 days (p < 0.001), 7.28 + 3.44% after 12 days (p < 0.0001), and 2.79 +
0.67% after 14 days of incubation (p < 0.0001) (Figure 37B). It is suggested that prolonged

exposure of the SA/LyeTx I mnAK coating to urine gradually reduced its antimicrobial effects.
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Figure 37. ODsoo of UPEC culture exposed to SA/LyeTx I mnAK coating and SA coating after
incubation in mammalian urine for 1, 3, 5, 7, 9, 12, and 14 days to assess coating stability (A).
Bacterial growth inhibition by SA/LyeTx I mnAK-coating relative to control and SA-coating

(B). Data are presented as mean + SD. Statistical significance is indicated by asterisks.
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5. Discussion

The AMPs have emerged as potent antimicrobial agents derived from several nature sources
(Yang et al., 2025). AMPs have multi-antimicrobial mechanisms on the plasma membrane and
intracellular targets, making them less prone to antimicrobial resistance (Xuan et al., 2023)
(Zhang et al., 2022). AMPs derived from arthropods sources such as spiders have shown
promising antimicrobial effects. Several AMPs have been isolated from venom of spiders
including LyeTx I (Santos et al., 2010) and its analogues such as LyeTx [-b (Reis et al., 2018),
LyeTx I-bPEG, (Brito et al., 2021), LyeTx I mn, LyeTx I mnAK, and LyeTx [ mnAKAc,
(Fuscaldi et al., 2021) showed broad spectrum antimicrobial effects against several drug-
resistant pathogens (Fuscaldi ez al., 2021). Previously, LyeTx I mnAK showed antimicrobial
effects against several pathogens including carbapenem-resistant 4. baumannii (Lima et al.,

2021), MRSA (Vieira et al., 2024a), and C. albicans (Cardoso et al., 2022).

Additionally, interest in using AMPs coatings on medical implants such as urinary catheters
also has been increased, which uses the natural antimicrobial properties of AMPs. The
therapeutic efficacy of AMPs can be enhanced through conjugation with polymers which also
increases their stability and regulates interactions with eukaryotic cells (Cui et al., 2021).
Several AMPs accommodated in AMP-polymer conjugates often retain their potent
antimicrobial potential. Polymer based coatings can present antifouling properties, bactericidal,
and can create bifunctional antibacterial polymer coatings, depending on the surface
functionality. While considering the high incidence of CAUTI, significant research efforts are

focused to produce infection free catheters and biocompatible catheters (Liu et al., 2025).

Herein, in this study, it was decided to coat AMP LyeTx I mnAK on urinary catheters using
the ultrasonic coating system to prevent microbial biofilms and catheters associated infections.
Prior to coating, LyeTx I mnAK was assessed for MIC/MBC, antibiofilm effects in microplate
model and catheters against quinolone resistant UPECs isolates and its interaction with
membrane proteins of UPECs in silico. Additionally, LyeTx I mnAK was assessed for toxicity
in vitro and in vivo. Furthermore, preliminary studies employed PLL in combination with PVA

polymer to refine ultrasonication-based coating parameters and number of coating layers.

LyeTx I AMP showed MICso of 4 uM against ten isolates while the most highly active
AMP was LyeTx I mnAK showed MICso of 2 uM. MIC less than 10 uM of any natural
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compound is considered good (Mbaveng et al., 2015). The analogue, LyeTx I-b showed MICso
of 16 uM. Compared to prototype, the antimicrobial effects of LyeTx I-b were found to be
decreased. LyeTx I mnAK, a rationally designed derivative of LyeTx I obtained by truncating
nine amino acid residues from the C-terminal region and introducing a lysine (K) residue at
position 5, exhibited potent activity against UPEC, with a MICso of 2 pM. Further, the
acetylation of the N-terminal region of LyeTx I mnAK generated Ac-LyeTx I mnAK showed
MICso of 64 uM which is lower than LyeTx I mnAK. Other modifications to LyeTx I mnAK
such as addition of a leucine residue to the C-terminal and the removal of the asparagine
generated two analogues such as LyeTx | mnAKL and LyeTx I mmAKwN respectively, showed
MICso of 4 uM and 2 uM. The antimicrobials meropenem and colistin have MICso of 375 nM

and 92.5 nM respectively against all isolates tested, thus validating the experimental conditions.

Additionally, MBC studies were done for all the peptides to assess its bactericidal activity
and all the peptides showed bactericidal activity in this case MBC ranging from 4 uM to 128
uM while the lowest MBC presented by LyeTx I mnAK. The addition of lysine residue
contributes to antimicrobial activity of LyeTx I mnAK, which tends to be protonated at
physiological pH. Therefore, it increases the peptide's overall positive charge (Cutrona et al.,
2015; Huan et al., 2020; Yuan et al., 2022; Ma et al., 2024). Moreover, the antimicrobial effect
of the peptides against quinolone-resistant UPECs increases by the presence of the leucine
residue in the C-terminal region. Leucine is mostly present at the end of their primary sequence
of the arthropods derived from natural AMPs (Li et al., 1988; Park et al., 1995). The biological
activities of jelleine-I AMP were completely lost after removing leucine from its primary
sequence (Ma et al., 2024). Bactericidal compounds have the potential to treat infections
effectively and are strong candidates to be used as alternative antimicrobials agents (Oliveira et
al., 2025; Sadeeq et al., 2025). AMPs are bacteriolytic which kills the bacteria by acting on
bacterial membranes (Sadeeq et al., 2025). In past, LyeTx I mnAK have shown potent
antimicrobial effects against multi-drug-resistant bacteria including carbapenem-resistant A.
baumannii against which this peptide showed MIC and MBC 1 to 16 uM and 2 to 32 uM,
respectively (Lima et al., 2021). A hydrogel formulated with LyeTx I mnAK showed anti-
MRSA effects in vivo studies and the MIC was 8 to 32 uM (Vieira et al., 2024a). LyeTx | mnAK
also showed antifungal effects against fluconazole-resistant C. albicans through MIC between
4 and 32 uM (Cardoso et al., 2022). Additionally, several studies reported that LyeTx [ mnAK

is less prone to microbial resistance (Lima et al., 2021; Vieira et al., 2024; Cardoso et al., 2022).
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Pharmacokinetic parameters of the LyeTx I mnAK were evaluated through ADMET studies
in silico (Okella et al., 2022). ADMET scores are important for virtual screening of AMPs
libraries (Okella et al., 2022). The in silico ADMET analysis of LyeTx I mnAK indicated a low
probability of adverse toxicological effects. The predicted AMES mutagenicity score was
0.008, while the carcinogenicity probability was 0.036. These results are like myxinidin peptide
which showed predicted AMES mutagenicity values as 0.003 and carcinogenicity values as
0.062 (Okella et al., 2022). The probability of drug-induced liver injury was negligible (0.000),
and the predicted skin sensitization probability was 0.117. In terms of distribution, plasma
protein binding was estimated at 23%. The predicted blood—brain barrier penetration was low,
with a value of 0.018. Metabolism predictions indicated that LyeTx I mnAK is neither an
inhibitor nor a substrate of CYP1A2. For CYP3A4, the peptide showed a low probability of
inhibition (0.093. Regarding absorption, LyeTx I mnAK demonstrated high predicted human
intestinal absorption with a value of 0.99. Overall, the in silico ADMET analysis suggests that
LyeTx I mnAK predicted favorable pharmacokinetic characteristics with low predicted toxicity.
Distribution analysis revealed a volume of distribution of 0.601, plasma protein binding of
22.25%., and minimal blood—brain barrier penetration (0.036). Metabolic predictions suggested
negligible interaction with major cytochrome P450 enzymes, with CYP1A2 inhibitor and
substrate values of 0.000 and 0.002.

Additionally, in silico analyses were performed to assess docking of LyeTx I mnAK with
membrane protein, FimH of E. coli, which is one of the most important virulence factors in
UPEC. FimH protein helps UPEC to adhere to bladder epithelium, colonize and form biofilms
(Terlizzi et al., 2017) also on catheters surface (Sarshar et al., 2020; Werneburg, 2022). Novel
antimicrobials or compounds with anti-UPEC potential are mostly FimH inhibitors FimH
inhibitors (Han et al., 2010; Sarshar et al., 2020). The peptide showed interaction with FimH
through hydrogen bonds with several amino acids such as Serl7, GIn59, Arg60, Argl32, and
GInl143. Han et al. optimised a weak compound called (R-D-phenylmannoside) to design small
molecules which shows binding with FimH by interaction with amino acids such as Tyr-48 and

Arg-98 (Han et al., 2010).

A lectin domain (FimHLD) present at the N-terminal region of FimH adhesion, which
includes the carbohydrate-binding site responsible for its functional activity, basically its
mannose-binding pocket consists of a hydrophobic region, a stretch of seven polar amino acids,

the tyrosine gate, and the Thr51 amino acid residue. The FimH protein’s affinity state is
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modulated by conformational switching due to GIn59 residue found within the B-bulge
(Rodriguez et al., 2013). The high-affinity conformation of the binding pocket is stabilized by
GIn143 (Rodriguez et al., 2013). The FimH function is abrogated by mutation within the amino
acids of the mannose-binding pocket (Sarshar ef al., 2020). The interactions of LyeTx I mnAK
with the residues GIn59 and GInl43 suggest that it may destabilize the FimH. With
computational studies it was revealed that the C-terminal region has antibiofilm and anti-
adhesive effects as it appears to be involved in binding to FimH protein. Two different
approaches used to assess the affinity of FimH antagonists include competitive assays and
inhibition of biological function assay (Sarshar et al., 2020). Therefore, LyeTx I mnAK was
tested for its anti-biofilm activity against quinolone-resistant UPECs to determine its possible
mechanism of action. LyeTx I mnAK reduces the biomass and viability of UPEC biofilms in
microplates and on catheters as well. Previously, anti-biofilm effects have been reported against
the biofilms of 4. baumannii. The biomasses were reduced upto 46.68% and 63.22% after 24 h
and 48 h of incubation, respectively, at 32 uM concentration (Lima et al. 2021). LyeTx  mnAK
at 16 uM conentrations reduced the mature biofilms of MRSA (Vieira et al., 2024a).

Some AMPs also have some affinity towards zwitterionic mammalian cells which make
them toxic thus poses a major clinical challenge in clinical use (Greco ef al., 2020). The toxicity
results of LyeTx I mnAK showed that it is less toxic to kidney cells as its selectivity index was
much lower compared to UPECs. In the past LyeTx I mnAK showed less toxicity towards
erythrocytes and Lund Human Mesencephalic (LUHMES) cells compared to prototype LyeTx
I (Fuscaldi et al., 2021). Additionally, the in vivo study showed that LyeTx I mnAK does not
appear toxic, does not cause macroscopic changes in the kidneys nor cause any death of animals.
However, tubular degeneration was observed in histological observations of kidneys of animals
which were treated with high dose (10 pg/kg). It was suggested that peptides may interact with
podocyte cells which form the epithelial lining of Bowman's capsule. Additionally, the animals
treated with peptides showed reduced food intake and caloric intake compared with the control
group. The animals treated with LyeTx I mnAK showed reduced food intake ranging from 5.0
to 5.3 g/g of animal, while the control group exhibited the highest food intake (approximately
6.7 g/g of animal). The caloric consumption for the LyeTx | mnAK treated animals ranges from
approximately 15-16 kcal/g of animal while the control group consumed approximately 21
kcal/g of animal. Regarding the intake of macronutrients, carbohydrate intake was
approximately 2.2 to 2.4 g/g of animal in peptide treated animals while in the control group it

was ~3.1 g/g of animal on the other hand, protein intake was 1.1-1.2 g/g of animal in the peptide



86

treated animals and 1.5 g/g of animal in the control group. Similarly, lipid intake in peptide
treated animals was approximately 0.20-0.21 g/g of animal and around 0.27 g/g of animal in
the control group. Overall, LyeTx I mnAK resulted in a reduction in total food intake, caloric
consumption, and macronutrient intake. It may be speculated that the peptide could interfere
with receptors, enzymes, or signalling pathways, which may lead to decreased cellular activity,
protein expression, or assay signal. However, these proposed mechanisms require further
experimental investigation. Lima et al. reported that LyeTx I treated animals has less water and

food intake (Lima et al., 2025).

The antimicrobial effects of LyeTx I mnAK reduced after exposure to urine showing the low
stability of peptide which has still been a great concern in AMPs research. AMPs are degraded
in presence of proteases. Previously, LyeTx I mnAK already showed low stability in presence
of plasma peptidases and no stability in presence of trypsin (Lima et al. 2021). The structural
modifications of peptides may solve this problem such as PEGylation, cyclization, amidation
or acetylation or introduction of D-amino acids (Dijksteel et al., 2021; Xuan et al., 2023). Brito
et al. and Fuscaldi et al. have worked on modifications of LyeTx I AMP family to enhance its

stability by PEGylation and acetylation (Brito et al., 2021; Fuscaldi et al., 2021).

After the MIC, MBC, antibiofilm activity, anti-adhesive properties, and toxicity profile of
LyeTx I mnAK, it was coated onto medical-grade silicone surfaces through SonoTek
ExactaCoat Ultrasonic Coating System. Prior to LyeTx I mnAK coating, the equipment’s
parameters were optimized through coating the PVA/PLL solution on urinary catheter and flat
silicon employing ultrasonic spraying technology that is known to deposit thin, homogeneous
layers. A smooth and uniform coating of PVA/PLL and SA/LyeTx I mnAK without any defect
was obtained, as shown in SEM images. Controlled droplet deposition and rapid evaporation
allowed the uniform and streak-free coatings with consistent thickness. Ultrasonic spraying
technology is efficiency in forming homogeneous layers, which made it an ideal technique for
biomedical applications even for coating tubular surfaces such as catheters, where other surface
modification techniques such as dip coating (Yu et al., 2018), drop cast coating (Zhao et al.,
2020), and immersion processing (Maharubin et al,. 2019) suffers from poor thickness control,
non-uniform coverage, and limited reproducibility (Chen et al., 2006; Ourabi et al., 2023). In
addition to that, medical implants such as catheters required larger area modification, which is
not possible through a dip coating method (Eslamian et al., 2018). In ultrasonic spraying

technology, flow rates and nozzle motion can be adjusted which enable the accurate tuning and
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preservation of the desired polymer: peptide ratios, thus improving experimental
reproducibility. This technique is also useful to form multi-layered coating (Goldsztajn et al.,

2024).

A consistent chemical composition was observed on PVA/PLL and SA/LyeTx I mnAK
coatings on all the surface as demonstrated by FTIR and contact angle measurements which
ensure surface behaviour across the coating. Additionally, coating showed integrity and no
delamination, cracking during handling or extended storage which indicate strong adhesion
and no particulate entrapment and pinholes was found by surface analysis techniques such as
SEM, EDS, and FTIR. Uniformity of antimicrobial coating plays an essential role in
antimicrobial effects as microorganisms easily colonize on non-uniform surfaces using
microenvironments (Yoda et al., 2014). The wettability of the PVA and PVA/PLL coatings
was high which is another factor contributing to anti-adhesive effects of the coated surface.
PVA is responsible for hydrophilic properties of the coating (Jiang et al., 2024a). Here, the
contact angle of the pristine catheter was 176.4 + 2.0° that reduces to approx. 70° on PVA
coated catheter, and to 51.3 &+ 1.6° on the surface of SA.

In this study hydrophilicity of SA based coatings was slightly decreased by addition of AMP
LyeTx I mnAK, but the final SA/LyeTx I mnAK coating, with a water contact angle of 42.4 +
3.3°, should still be considered moderately hydrophilic. E. coli and S. epidermidis cannot grow
efficiently on the surface with high wettability (Lorenzetti et al., 2015; Verhorstert et al., 2020).
S. epidermidis easily adhere to hydrophobic surfaces compared to hydrophilic surfaces
(Wassmann et al., 2017), also hydrophilic surfaces resist proteins and contaminants (Rana et

al., 2010).

It has been reported that surfaces with an R, between 0.1 and 0.35 pm exhibit minimal
microbial adhesion, with no significant additional reduction below the proposed threshold of
approximately 0.2 pm (Bollen et al., 1996). Surface with roughness of 0.17 = 0.01 pm and 1.14
+ 0.15 um allow low and moderate microbial growth respectively, while the surface with
roughness of 3.17 + 0.23 um was found with highest microbial growth (Silva et al., 2005). In
this study, 400:1 coating (Ra= 0.29 + 0.03 um) exhibited the lowest roughness and was the
closest to the proposed threshold, whereas the 200:1 and 100:1 coating showed slightly higher
Ra values of 0.42 + 0.05 um and 0.60 + 0.05 pm, respectively. The SA/LyeTx I mnAK coating
exhibited an aerial surface roughness (Sa) of 317.0 £ 39.1 nm (0.317 + 0.039 um), which falls
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within the range associated with reduced microbial adhesion. Nevertheless, antimicrobial
performance of a coating does not only depend on the surface roughness but is also influenced
by surface chemistry, functionalization, and the presence of antimicrobial agents. Bacterial
adhesion may be reduced by specific micro/nanostructures on rough surfaces, as they can trap
air pockets and decrease the bacteria-surface contact area (Fujii et al., 2024). A hydration layer
in PVA/PLL coatings induces antifouling characteristics. Interestingly, it has been reported
that microbial adhesion can be low on hydrophilic substrates (Oh et al., 2018) but also can be
higher (Pranzetti et al., 2012) therefore, it's suggested that single parameter of surface is not
responsible for antimicrobial effects. The catheter with highest PLL content (100:1) was
observed with lowest E. coli cells coverage (7.0 £ 0.3 %) among which most of them were
dead cells; however, on PVA coated catheter cell coverage was 17.3 + 0.8 %. The study showed

that PLL targets microbial membranes as disruption of the cytoplasmic membrane of bacteria.

Previous studies already reported the antimicrobial effects of PLL coatings (Guo et al,
2023; Wahid et al., 2019). PLL brushes on silicone catheters showed anti-adhesive and
bactericidal effects against E. coli, a most common pathogen of CAUTIs (Liu et al., 2023).
PLL is a membrane active antimicrobial agent (Hyldgaard ez al., 2014), however, also reported
to induce oxidative stress (Ye et al., 2013a). PLL electrostatically interferes with membranes
bearing negatively charge resulting in destabilization of the membrane (Lebaudy ef al., 2023).
It is proposed that a carpet-like mechanism is used by PLL to destabilize the membranes
interacting with negatively charged membrane, which ultimately leads to partial removal of the
outer membrane (Hyldgaard ef al., 2014). Zhang et al. (Zhang et al., 2018) reported that &-PL
damages FE. coli cell membrane that causes leakage of cytoplasmic contents. The e-PLL coated
catheter also showed broad spectrum potent antimicrobial effects against S. aureus and E. coli

and low toxicity in vivo study (Yu et al., 2019).

A larger and denser clump of S. epidermidis was observed on catheter with highest PLL
concentrations that indicate it may promote cell-to-cell adhesion through interactions with
surface proteins (Hyldgaard ef al., 2014), therefore, promoting bacterial aggregation and
adhesion through this attraction, thereby influencing its overall antimicrobial activity (Morsin
et al., 2021). Additionally, Tan et al. (Tan et al., 2019) showed that antimicrobial mechanism
of PLL altered the structure of peptidoglycan layer. The suppression of metabolic pathways
has been observed under e-PL stress which impairs bacterial cellular function therefore, it is

indicated that under &-PL also interferes with metabolic pathway. PLL are less prone to
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antimicrobial resistance and can be potentially used as alternative antimicrobial (Lebaudy et

al., 2023).

Bacterial cellulose functionalized with PLL created as wound dressing showed
antimicrobial effects against S. epidermidis (Fiirsatz et al., 2018). In this study, a catheter with
100:1 coating (highest PLL concentrations, 0.2 mg/mL) inhibited the growth of S. epidermidis
by 98.8 + 0.5 %. A study reported complete growth inhibition of S. epidermidis and E. coli by
PLL (Naghadeh e al., 2017). Here, PLL coated catheters also showed antifungal effects against
viable C. albicans as confirmed by their less viability and increased dispersion of hyphal
branches that indicate stimulation of hyphal growth by PLL. Stress responses in C. albicans
increases hyphal growth in response to antifungal agents or environmental stressors to avoid
stress under antifungal pressure (Nobile ez al., 2015; Tosiano et al., 2025). It has been observed
that increasing hyphal growth in fungi is used as adaptation to antifungal stress that happens in
the response to antifungal drugs such as azole drugs (Ha ef al, 1999). The antifungal
mechanism of PLL is associated with interaction with fungal membranes through electrostatic
interactions with their negatively charged fungal surface as reported by Padilla et al. (Padilla
et al., 2022). Additionally, membrane permeability decreased even more with high PLL
concentration resulting in leakage of cations (Ca®" and K*) from the cytoplasm. The growth of
C. albicans decreases the pH of the cultured medium while they observed pH decreased upon
adding PLL, which disrupts fermentation and cellular respiration (Zhang et al., 2023; Shu et
al., 2021). PLL also forms pores in fungal membranes (Tan et al., 2019) and damages fungal
morphology of fungi Trichothecium roseum (Jiao et al., 2020; Liu et al., 2020). Interestingly,
it has been observed that PLL influences the genes which are important for cell wall proteins
of fungi (Ye et al., 2013b). e-PL also produces intracellular reactive oxygen species as revealed
by fluorometric analysis, which causes peroxidation of lipid and ultimately leads to membrane

damage (Shu et al., 2021).

The SA/LyeTx I mnAK-coated samples showed E. coli inhibition by 70.04 + 4.20% relative
to growth control, 56.29 + 5.86% relative to uncoated sample, and 34.63 + 4.99% relative to
SA coating. The inhibition of S. aureus by SA/LyeTx I mnAK coating was 60.97 +
11.95% relative to the positive control, 36.43 + 20.31% relative to the uncoated surface,
and 47.27 + 14.84% relative to the SA coating. Additionally, SA/LyeTx I mnAK exhibited
antibiofilm activity against common CAUTI-associated pathogens, including S. epidermidis,

P. aeruginosa, P. mirabilis, and UPEC, reducing bacterial viability by 0.96 +0.32, 0.61 = 0.22,
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0.80 £ 0.29, and 0.99 £ 0.08 log, respectively, compared with uncoated sample while the
reductions compared to SA-coated samples were 0.95 = 0.34, 0.62 £ 0.22, 0.90 + 0.28, and
0.94 £ 0.09 log, respectively.

Janik et al. reported that SA-based films containing chestnut extract showed 7 to 8-fold
reduction of E. coli and S. epidermidis growth in the recovered CFU/ml, respectively (Janik et
al., 2023). Additionally, SA films based incorporated with quaternary ammonium lignin—
cinnamaldehyde composite particles showed inhibition rates of 96% against S. aureus and 65%
against E. coli (Miao et al., 2025). In this work, in silico study predicted that the C-terminal
region of the LyeTx I mnAK has anti-adhesive effects and prevented UPEC growth on catheter.
LyeTx I mnAK has shown broad spectrum antimicrobial results against several drug resistant
clinically important pathogens. LyeTx I mnAK based formulations effectively treated the
wounds. The biomedical applicability of LyeTx I mnAK was extended by investigating the
peptide as a surface-bound antimicrobial agent, thereby exploring its application in

antimicrobial coatings for medical implants.

Moreover, antimicrobial activity of the SA/LyeTx I mnAK coating was maintained till 5
days of incubation in urine and slight decrease was observed after 5 days. The 1-day incubated
SA/LyeTx I mnAK coating exhibited significant inhibition relative to the growth control and
33.39 + 7.88% relative to the SA coating. After 3 and 5 days of incubation, the coating
maintained high antibacterial activity, after 7-14 days of incubation. It is suggested that
prolonged exposure of the SA/LyeTx I mnAK coating to urine gradually reduced its

antimicrobial efficacy.

This study showed that PVA/PLL based coatings are biocompatible with the tested cell
lines as they showed viability more than 70 % in the presence of all coatings. Compared to
PVA coating, cell viability was slightly higher in case of PVA/PLL based coatings. Similar
biocompatibility results also have been reported in past studies of PLL or PVA (Alexandre et
al., 2014; Amariei et al., 2018; Sun et al., 2019b). Additionally, PLL-tethered catheters also
showed biocompatibility in vivo studies as reported by Liu et al (Liu et al., 2023). Patel et al.
(Patel et al., 2019) showed that Foley catheters coated with lysine showed biocompatibility
along with antimicrobial effects. This study showed a slight drop in cell viability by increasing
PLL concentrations. The number of amine groups of PLL influences its behaviour towards

cells, is linked to its molecular weight and concentration (Cai et al., 2012). PLL also reduced
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the viability of L929 mouse fibroblasts, possibly due to the interaction of its polycationic chains
with membrane (Fischer et al., 2003). The cationic polymers with high molecular weights,
cause cytotoxicity and necrosis due to their accumulation on the outer cell membrane. PLL,
being positively charged, have more tendency to bind with negatively charged biological
molecules. The interaction of polycations with membranes is determined by their molecular
weight and charge density that govern the extent of cellular damage (Alinejad et al., 2019).
The molecular weight of PLL I used in this study was 150,000-300,000 g/mol. PLL with high
molecular weight was selected for providing a high density of positively charged amine groups
per polymer chain (Flynn et al., 2026) that promote stronger electrostatic interactions and

improve coating stability.

On the other hand, this study showed that SA/LyeTx I mnAK based coatings are
biocompatible with the tested lines as the cell viability was more than 70 %. Compared to
uncoated samples and SA coated samples the viability of NHDFs was decreased in case of
SA/LyeTx I mnAK due to presence of antimicrobial peptide. The SA/LyeTx I mnAK coating
showed similar biocompatibility to the PVA/PLL coating. Cell viability was 84.9 + 8.1% for
the SA/LyeTx I mnAK coating and 83 + 1% for the PVA/PLL coating (100:1) containing the
highest PLL concentration. The antimicrobial behaviour of AMPs is associated with the
membrane, which may pose a risk of interacting with the mammalian membrane as well (Zhang
et al., 2021). Due to the presence and neutrally charge, mammalian cells may require a higher
concentration of AMPs to be affected compared to the bacterial membrane. In its free form,
LyeTx I mnAK exhibited low toxicity toward kidney cells while maintaining potent activity
against UPEC bacteria, resulting in a high selectivity index. In another study, LyeTx I mnAK
showed less toxicity towards erythrocytes and LUHMES cells compared to prototype LyeTx I
(Fuscaldi et al. 2021). Additionally, the in vivo study of this work showed that LyeTx [ mnAK
does not appear toxic and does not cause macroscopic changes in the kidneys. However, tubular
degeneration was observed in histological observations of kidneys of animals which were

treated with high dose.

In silico membrane binding studies, lysine was used to assess its interaction with
membrane proteins of bacteria. The functional groups of lysine including terminal amine (-
NH:), the terminal carboxylic group (-COOH), and the side-chain amine group (-NHz). The
terminals -NH2 and -COOH groups are used during polymerization of polylysine and form

peptide bonds. After polymerization, in PLL, for interaction only the side-chain amines remain
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free and "inert" due to distinct functional group distribution. Also, there is an increase in
positively charged groups in PLL due to presence of multiple repeating lysine units, which may
improve the docking interactions. The terminal -NH> and —COOH groups are involved in
docking interactions in case of lysine, which are absent in PLL, so docking interactions are
driven by side-chain amines. Additionally, due to abundance of side-chain amines, which may
increase the chances for interaction with negatively charged surfaces. The extended structure
may cause steric hindrance, which may affect the docking interactions of PLL. But on another
hand, the presence of numerous side-chain amines in PLL may result in multivalent binding
capacity which allows simultaneous interaction with bacterial membranes. There are
substantial challenges associated while work with complex molecules like PLL may require

high computational costs and accurate structural models.

This work suggested that the coatings based on PLL do not allow microbial adhesion and
could be potentially used to fabricate infection free catheters to avoid microbial biofilms
CAUTIL. The catheter with PVA/PLL in 100:1 significantly inhibited the growth of all tested
microorganisms. The PLL based coatings could be translated to commercial applications by
the biomedical industry to fabricate antimicrobial medical implants. Additionally, to increase
antimicrobial breadth PLL based coatings; they could be combined with other antimicrobials
including antifungal drugs, which may enhance the efficacy of both PLL and combined drugs
(Lv et al., 2022). For controlled release antimicrobial coatings PLL can be incorporated into
micro- or nano scaffolds and advanced drug delivery systems can be developed by

encapsulation in nanoparticles and films (Niaz ef al., 2019; Mousavi ef al., 2021).

This work has several limitations including lack of antimicrobial assessment of the peptide
in vivo but in vitro thus, peptide’s efficacy may influence by several urine composition, host
immune responses and microbial biofilms. In mammalian urine, peptides exhibited lower
stability due to proteolytic degradation, which required chemical optimization for translational
potential. /n vivo toxicity studies showed that at higher concentrations peptide showed moderate
effects on kidney, suggesting long-term in vivo toxicity studies. /n vivo toxicity of peptide was
evaluated with a focus on the urinary tract and lacking direct evaluation of other organ systems.
In silico studies, there were no controls in docking of the peptide with FimH as it was performed
to provide only predictive evidence of interaction. Thus, in vitro mechanistic studies are

required to validate this mechanism experimentally.
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The limitations of PVA/PLL study include lacking antimicrobial tests in vivo as they were
performed in vitro, which do not reflect therefore assessment of long-term antimicrobial testing
and biocompatibility are important. The aqueous immersion, protein adsorption, and enzymes
in vivo environment may affect the efficacy and stability of PLL based catheters therefore, it is
necessary to validate the in vitro antimicrobial and biocompatibility results. Further
investigations are important to assess the antibiofilm properties of PLL against the strains tested
in this study. Moreover, SA/ LyeTx I mnAK was coated on medical-grade silicon substrates
rather than a clinically relevant urinary catheter that may not reflect the actual antimicrobial
and biological behaviour of the urinary catheter. The antimicrobial tests and biocompatibility
tests were performed in vitro; therefore, in vivo experiments would be important to validate
the antimicrobial effects and cytotoxicity of the coating materials. SA/LyeTx I mnAK was
tested against only bacteria not fungi therefore, broad spectrum antimicrobial potential also

needs to be assessed.
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6. Chapter V: Conclusion and future directions

This work showed efficacy of LyeTx I mnAK against UPECs. LyeTx I mnAK did not show
significant results against UPECs biofilm mass, however, was able to significantly reduce the
viability of UPECs biofilms and prevented biofilm formation on urinary catheter. Since the
computational studies showed that LyeTx I mnAK bind with FimH protein, it may be playing
a key role in preventing the UPEC to adhere and form biofilms on the surface of urinary
catheters. The antimicrobial activity of LyeTx I mnAK was reduces after incubation in urine
which indicates the low stability in presence of proteases. /n vitro, the peptide shows safety
towards HEK-293 cells, while in vivo acute toxicity assay, it shows safety at concentrations of
1 pg/kg and 5 pg/kg but at higher concentration (10 pg/kg) it increases the serum creatinine
levels and promotes mild tubular degeneration. However, none of the animals died during the
in vivo toxicity assay. We suggest that the stability of the peptide could be improved and its
renal toxicity at high concentrations of peptide can be decreased by structural modifications of
the molecule in future studies. Overall, LyeTx I mnAK stands out as a highly active
antimicrobial against UPECs and anti-adhesive agent and can be potentially used as a

prototype.

In the preliminary experiments for LyeTx I mnAK coatings, PVA/PLL was coated on
urinary catheters to optimize the coating process and equipment parameters. The PVA-PLL
coated catheters presented excellent antimicrobial effects and biocompatibility. The coating
process of PVA/PLL enables the successful coating of SA/LyeTx I mnAK on silicon surfaces
using the same technique. The areal surface roughness (Sa) of the SA/LyeTx I mnAK coating
falls within the surface roughness range reported in the literature to be associated with reduced
microbial adhesion. SA/LyeTx I mnAK coating inhibited the growth of S. aureus and E. coli,
and CAUTI associated pathogens such as S. epidermidis, P. aeruginosa, P. mirabilis, and
UPEC. SA/LyeTx I mnAK coating also showed excellent biocompatibility. SA/LyeTx  mnAK
coating maintained high antimicrobial activity for up to 5 days of urine incubation. Although
its efficacy gradually declined thereafter, the coating retained measurable antibacterial activity
throughout the 14-day study. The bacterial biofilms reduction by LyeTx I mnAK on catheters
when co-incubated with bacteria and anti-adhesive and antibiofilm effects of LyeTx I mnAK
coated silicon sheets suggest that novel and infection free urinary catheters can be fabricated
using this peptide. The overall coating process and number of LyeTx [ mnAK layers used in
silicon coating provide a foundation for the subsequent translation of the coating on the urinary

catheter. Long-term stability under physiological flow and in vivo evaluation of the LyeTx I
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mnAK coated catheters would needs to be assessed against microbial infections and biofilms.
Considering the in silico prediction of LyeTx I mnAK—FimH binding obtained in the present
study, together with the antibiofilm activity observed in both the microplate and catheter-based
biofilm models and the anti-adhesive activity of the LyeTx I mnAK-coated silicon surfaces,
LyeTx I mnAK-FimH interactions may contribute to the observed effects. However, this
mechanism requires further validation. The successful clinical translation of the catheter would
require emphasis on process optimization and scalable manufacturing to develop robust,
reproducible, and cost-effective fabrication strategies to ensure consistent coating performance
at an industrial scale. Further translational research could benefit from the current work to apply

such coatings on the medical devices and implants.
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effects of benzazole derivatives and lactobacillus biosurfactants in vitro. Journal of

Biotechnology. IF2026 =4.00, MNiSW=70.

Oliveira, A.G.G#., Haq, I.U#., de Oliveira, P.L. et al (2025). Isolation and partial
characterization of antimicrobial peptide-enriched fractions from Parabacteroides

distasonis. Scientific Reports, 15, 43043. 1F2026=4.90, MNiSW 140.

Dias-Souza, M.V., Haq, I.U., Pagnin, S., Veiga, A.A., Dos Santos, V.L. (2025).
Liposome-encapsulated antibiotics and biosurfactants: an effective strategy to boost

biofilm eradication in cooling towers. Microbial Cell Factories, 24(1):135. IF2026=5.80,
MNiSW=100.

Dias-Souza, M.V., Alves, A.L., Pagnin, S. Haq, L.U. et al. (2024). The activity of
hydrolytic enzymes and antibiotics against biofilms of bacteria isolated from industrial-

scale cooling towers. Microbial Cell Factories, 23, 282. 1F2026 =5.80, MNiSW=100.
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5. Silva, C.P., Silva, C.L., Haq, L.U. et al. (2026). Phenotypic and genotypic antimicrobial
resistance profiles of gram-positive cocci and non-fermenting gram-negative rods.

Scientific Reports. 1F2026=4.90, MNiSW=140.

6. Oliveira, A. G. G., Dias, M. F., Ul Hagq, 1., Ferreira, J. F. G, Silva, C. P., Moreira, M.,
da Silva Lanna, M. C., Santos Rodrigues, L. d., de Macedo Farias, L., & Magalhaes, P.
P. (2026). Seasonal and source-associated microbiome dynamics in Brazilian drinking

water. Microbial Ecology, 89. IF2026=4.30, MNiSW=100.
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9.3. Conferences attended

1.

Poster Presentation: Antimicrobial Effects of Sodium Alginate/Poly-L-lysine-Based
Films and Their Deposition onto Urinary Catheters Using Ultrasonic Spray Coating
Haq, I.U., Abdullah, A., Ayaz, K., Szewczenko, J., and Krukiewicz. 2nd International

Online Conference on Functional Biomaterials, (online), 8-10 July 2026.

Invited lecture: Presentations by doctoral students pursuing their doctorates in
international cooperation. International Doctoral Week, Education and Congress

Centre, Silesian University of Technology in Gliwice, Poland, 11-15 May, 2026.

Poster presentation: Antibiofilm Activity of LyeTx I mnAK, a Peptide Derived from
the Venom of the Spider Lycosa erythrognatha, on Urinary Catheters and Its Toxicity
Evaluation /n Vitro and In Vivo. Haq, 1.U, Lima, W. G., Vieira, R. P., Krukiewicz, K.,
and de Lima, M.E. Gliwice Scientific Meetings, Gliwice, Poland, 20-21 November
2025.

Oral presentation: Poly(vinyl alcohol)/poly(L-lysine)-functionalised urinary catheters
with potential antibacterial and antifungal effects. Maryam, S., Haq, I.U, Wilk, K.,
Abdullah, A., Shakibania, S., Shyntum, D. Y., Student, S., Szewczenko, J., and
Krukiewicz, K. Young Science Beyond Borders Conference (online), 23-24 October
2025.

Invited lecture: “Antibiofilm effects of LyeTx I mnAK, a synthetic peptide derived
from Lycosa erythrognatha spider venom, against quinolone-resistant uropathogenic
Escherichia coli (UPEC). International Meeting on Animal Venom Peptides With
Therapeutic Properties Brasilia, Brazil, 11-14 December 2024.

Poster presentation: Antibiofilm effects of LyeTx I mnAK, a synthetic peptide derived
from Lycosa erythrognatha spider venom, against quinolone-resistant uropathogenic
Escherichia coli (UPEC). Haq, 1.U., Lima, W. G., Vieira, R. P., Krukiewicz, K., and
de Lima, M.E. International Meeting on Animal Venom Peptides With Therapeutic
Properties Brasilia, Brazil, 11-14 December 2024.
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10.

11.

12.
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Oral presentation: Antimicrobial activity of polymers-functionalized urinary catheters
against Staphylococcus aureus. Haq, 1. U., Shyntum, D. Y., Abdullah, A., Maryam, S.,
& Krukiewicz, K. 1st International Online Conference on Functional Biomaterials

(online), 10-12 July 2024.

Oral presentation: Investigating the antimicrobial efficacy of polymer-coated urinary
catheters: an integrated in vitro and in silico approach with ADMET profiling. Haq,
I.U., Shyntum, D. Y., Abdullah, Maryam, S., Alam, Z., Krukiewicz, K. Computational
Oncology and Personalized Medicine (online), 22" May 2024. (Abstract awarded

Third Place in the conference competition).

Oral presentation: Antimicrobial activity of peptides derived from Lycosa
erythrognatha spider venom against quinolone-resistant uropathogenic Escherichia
coli and ADMET profiling in silico.Haq, .U, Lima, W. G., Krukiewicz, K., Vieira, R.
P., and de Lima, M. E. Computational Oncology and Personalized Medicine (online)

22" May 2024. (Abstract awarded Second Place in the conference competition).

Poster presentation: Antimicrobial Activity of Peptides Derived from Lycosa
erythrognatha Spider Venom Against Quinolone-Resistant Uropathogenic Escherichia
coli (UPECs). Hagq, I.U, Lima, W. G., de Lima, M. E., Krukiewicz, K., and Vieira, R.
P. 6th Edition of the World Congress on Infectious Diseases, Paris, France (Hybrid) 24-
26 June 2024.

Oral presentation: Antimicrobial Effects of Polymers-Functionalized Urinary
Catheters Against Staphylococcus aureus. Haq, 1.U., Shyntum, D. Y., Abdullah, A.,
Krukiewicz, K. 6th Annual International Conference on Advances in Materials Science

(Hybrid) 29-30, November 2023.

Poster presentation. A Peptide Isolated from the Venom of Lycosa erythrognatha
Spider Shows Potential to Treat Pneumonia Induced by KPC-Producing Klebsiella
pneumoniae Without Detectable Resistance. Haq, I. U., Lima, W. G., and de Lima, M.
E. at the XVIII Congress of the Brazilian Society of Toxinology (SBTx). XIII Congress
of the Panamerican section of the International Society of Toxinology, Brasilia, Brazil,

9-13 November 2023.
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9.4. Participation in research projects

Research project titled Peptides Derived from Animal Venoms as Potent (Model)
Drugs [01/08/2024 -10/04/2025] Funded by National Council for Scientific and
Technological Development (CNPq), Brazil. Project Number: CNPq-310638/2023-2.
Research project titled Synthetic Peptides Derived from Arthropod Secretions as
Potent Anticancer and Antimicrobial Agents [20/11/2023 -20/10/2024] Funded by the
Minas Gerais State Agency for Research and Development (FAPEMIG), Brazil.
Project Number: APQ-00754-24.

9.5. Research projects proposed for funding (not approved)

1.

NCN Preludium: Development of antimicrobial peptides-polymer conjugates as
medical implant coatings with potential, antimicrobial, anti-biofilm, and
immunomodulatory effects. Project registration number: 2024/53/N/ST5/03176

IDUB proposal-Ground-breaking research: Optimization of immune responses on
urinary catheters through polymer coatings: A way forward to control microbial

infections and biofilms by reducing immune cells-mediated inflammatory reactions.

9.6. Awards and other achievements

1.
2.

Best PhD student award for the years of 2024 and 2025 (SUT).

Pro-quality award for highly-scored JCR publication in journal from TOP1 and TOP10
ranking lists (SUT) (2024).

Awarded a competitive scholarship recognizing outstanding PhD candidates
pursuing their doctoral thesis under a co-tutelle (joint doctoral) agreement.

First Place in the Ph.D. Admission Selection, Postgraduate Program in Technological
Innovations, Federal University of Minas Gerais (UFMG), Belo Horizonte, Brazil
(2023).

Achieved a CAPES PDPG scholarship for Doctoral Research in Biological Sciences
(Physiology and Pharmacology, Brazil (2023-2027)
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