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1.1. Urinary Tract Infection (UTI)

Infectious diseases are a serious threat to human health and a huge burden on the global
economy. A troublesome class of infections that are caused by contaminated fomites or
invasive medical devices from the hospitals, known as nosocomial infections or hospital-
acquired infections (HAIs), present a severe challenge in the healthcare setting. The various
infections that contribute to HAIs are surgical site infections
(SSls), bloodstream infections, urinary tract infections (UTIs), pneumoniae, adverse effects to

drugs, etc. and lead to a heavy financial burden on the patient’s family (Figure 1.1).

Urinary tract infections (UTIs) are among the most prevalent hospital-acquired
bacterial diseases, affecting more than 150 million individuals globally each year. In 2007,
there were an estimated 10.5 million hospital visits for UTI symptoms and 2-3 million
emergency room visits in the United States alone. In the United States alone, the societal costs
of these infections, including health-care expenditures and lost time at work, are currently
estimated to be over US$3.5 billion per year. UTIs are also a major source of morbidity in
children, elderly men, and women of all ages. Recurrences, pyelonephritis with sepsis, kidney

injury in young infants, pre-term delivery, and problems related by repeated antimicrobial
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Figure 1.1: Most common nosocomial infections.
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usage, such as high-level antibiotic resistance and Clostridium difficile colitis, are all serious

consequences.?

UTI is categorized majorly as uncomplicated and complicated on the basis of increasing
colonization and decreasing efficacy of therapy. Lower UTIs (cystitis) and higher UTIs
(pyelonephritis) are the two types of uncomplicated UT]s that affect people who are generally
healthy and have no anatomical or neurological urinary tract abnormalities. Women suffer from
UTI more often than me, also if one has suffered from previous UTI, sexual activity, vaginal
infection, diabetes, obesity, and genetic predisposition are all risk factors for cystitis.® Urine
blockage, urinary retention caused by neurological illness, immunosuppression, renal failure,
renal transplantation, pregnancy, and the presence of foreign bodies such as calculi, indwelling
catheters, or other drainage devices are all examples of complicated UTIs.® CAUTIs (catheter-
associated urinary tract infections) are the most prevalent cause of subsequent bloodstream
infections, with increased morbidity and death. Prolonged catheterization, feminine gender,

older age, and diabetes are all risk factors for CAUTI.
1.2. Mechanism of infection

Various mice models have been developed in the last 20 years to better understand the
molecular underpinnings of UTI aetiology.® Knowledge acquired from these studies have been
easily translated to human subjects.* After reaching the lumen of the urinary bladder, the
uropathogenic bacteria responsible for UTI, adhere to the surface of the superficial “‘umbrella
cells’, also known as facet cells which line the bladder, using adhesive filamentous extensions
(FimH) called ‘type 1 pili’. On attachment to the bladder lining, the bacteria are integrated into
the epithelial cells, where they multiply in number to form biofilm-like intracellular bacterial
communities (IBCs). Here, the bacteria can dodge Toll-like receptor 4 (TLR4)- mediated

expulsion and replicate in the cytoplasm of the urothelial cell before they can undergo
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filamentation and re-enter the bladder lumen and stick to the nearby cells, leading to clonal

expansion which can initiate a new infection cycle (Figure 1.2).>5

a)

Abdominal aorta

Inferior vena cava

Uropathogenic bacteria

UPEC adhesion to Invasion of urothelial
uroplakins on bladder cells
urothelial cells

I1BC

Clonal expansion of asingle  Fluxing and filamentation
bacterium to form IBCs of clonal population

Figure 1.2: Pathogenesis of UTI by uropathogenic bacteria in a nutshell. a) Uropathogenic

bacteria invades and colonizes the bladder by ascending the urethra. b) Individual bacteria

stick to and infiltrate superficial urothelial umbrella cells of the bladder through FimH

receptors. They clonally expand to create biofilm-like intracellular bacterial communities

(IBCs) which help start a new infection cycle. Figure reproduced with permission from

reference 3. Copyright 2020 Nature Publishing Group.

In response to the host secretion of various pro-inflammatory cytokines like interleukin-

6 (IL-6), IL-17, tumour necrosis factor (TNF), the migration of neutrophil recruitment into the

uroepithelium is initiated. This eventually leads to monocyte invasion and a programmed

apoptosis and exfoliation which might decrease the bacterial burden but leads to mucosal

damage, accompanied with chronic inflammation.
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1.3. Catheter-associated urinary tract infections (CAUTISs)

Invasive medical devices, such as urinary catheters, are linked to more than 75% of nosocomial
infections, resulting in catheter-associated urinary tract infections (CAUTIs). CAUTIs cause a
2.3% mortality rate. Cross-contamination from drainage bags and external pathogenic
contamination coming from skin and other ambient surfaces during catheter handling make a
patient extremely vulnerable to catheter-related illnesses. The most common microorganisms
responsible for biofilm formation on urinary catheters are various Gram-negative and Gram-
positive bacteria like Escherichia coli, Klebsiella pneumoniae, Enterococcus faecalis,

Staphylococcus epidermidis, and Proteus mirabilis.*

Bacteria cling to the catheter surface and proliferate, resulting in encrustation.
Treatment has grown more complicated due to the advent of multiantibiotic-resistant
enterococcal strains and their capacity to build biofilms on catheters (Figure 1.3).
Catheterization for a long period of time can cause biofilm development, in which the
associated bacteria make extracellular polymeric matrix, colonizing the surface, and allowing
the bacterial community to grow and feed on the nutrients provided by the moderate flow of
warm urine via the catheter.'? There have only been a few reports of antimicrobial polymeric
catheter coatings that are efficient at penetrating and disrupting biofilms developed on the
catheter.t®!* These bacteria embedded in the biofilm are resistant to conventional drugs due to
the biofilm matrix, and less vulnerable to human immune system cells and molecules than their
planktonic counterparts. As a result, substantially larger antibiotic doses are necessary to
eradicate the bacteria and clear the infection. Typically, catheters are replaced on a regular
basis to avoid infection, or the patient is prescribed a dosage regimen of broad-spectrum
antibiotics; both options are undesirable since they are tedious or may promote the development
of antibiotic resistance and bring further agony to the patient.'® If CAUTIs are not treated, the

condition becomes more serious, with the risk of infection in kidneys and potential sepsis.®
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The elevation of the urinary pH due to the presence of the uropathogenic bacteria
hydrolyses the urea in the urine when the biofilm is formed. The formation of crystals and
precipitation of calcium and magnesium phosphates encrusts the surfaces and blocks the
catheters.!® Catheterization alters the bladder ecology accompanied by various histological and

immunological changes, sometimes leading to the foreign body response and eventually

Ve 4. Kidney

Biofilm formation and
encrustation on catheter
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Figure 1.3: Urinary tract of humans. Urinary tract infections (UTIs) begin with the
contamination of the periurethral area with uropathogenic bacteria migration from the gut.
Catheter-associated UTlIs are one of the most common UT]Is. Due to ecological change in
the bladder, it leads to protein and salt deposition, biofilm encrustation and potential

epithelium damage.

generation of fibrinogen.™® As a part of the host’s inflammatory response, fibrinogen is released
into the bladder during catheterization, where it accumulates and gets deposited on the

implanted catheter. The inflammatory response is mediated by IL-6, IL-1p, IL-8, and TNF-a.
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Fibrinogen deposition is exploited by urinary pathogens in a variety of ways.
Enterococci attach directly to fibrinogen with special appendages, Ebp pili, then employ the
GelE and SprE proteases to increase fibrinogen cleavage using fibrinogen as a food supply.
Clumping factor B (CIfB) is used by Staphylococci to attach to the fibrinogen-coated catheter
and cause bladder inflammation. Finally, FimH adhesin is used by Escherichia coli to bind

fibrinogen covering the catheters.**°

Intensive efforts have been made to reduce any bacterial buildup on the catheter surface.
These strategies can be classified as active or passive techniques. Antimicrobial coatings
capable of interfering with biological pathways are used in most active activities.!” One of the
most facile methods for loading active compounds onto catheters involves the impregnation of
the catheter surface with antimicrobial agents which exert their antibacterial activity by
leaching out from the surfaces.?® Antimicrobial and antifouling materials are the focus of
catheter research because they have shown promise in providing overall protection against
CAUTIs because to their high cytotoxicity.?® Although this is a complex problem, materials
that combine known antimicrobial agents show an increased effectiveness against CAUTIs.
The materials described herein are not an exhaustive list, instead, a highlight of the major

materials used to combat CAUTIs.
1.4. Release-based coatings

One of the most facile methods for loading active compounds involves the impregnation of the
catheter surface with antimicrobial agents which exert their antibacterial activity by leaching
out the loaded compounds that kills both adhered and planktonic bacteria. The release is

attained by diffusion of the antibacterial agents into aqueous medium, degradation or even
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hydrolysis of covalent bonds (Figure 1.4). Elution directly from the surface offers a better

chance to deliver a higher concentration of the compound locally, maintaining toxicity levels.

)
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Figure 1.4: Schematic representation of release-based coating. Different antimicrobial

biocides are impregnated onto the surface, and upon release, lead to death of bacteria.

Ideally, there should be fast drug release at the initial stage to kill the bacteria in the vicinity,
preventing any kind of biofilm formation, hence maintaining a slow and prolonged drug
activity. This aids in preventing any encrustation or biofilm formation. Release-based coatings

have proven to be a focal point of research in combating CAUTIs.?!

1.4.1. Antibiotics

Antibiotics or antibacterial agents are medications that can destroy or retard the growth of
bacteria. Antibiotics are entrapped into invasive medical devices, via two major processes,
firstly, a layer of antibiotics is coated on surface followed by the rapid elution of the drug and
secondly, by the direct impregnation of the antibiotics into the device polymer during its
manufacturing with or without the inclusion of excipients that can slow down or accelerate the
rate of drug release.?-2* Anionic derivatives are designed in such a way that the anionic charges
allow for easy electrostatic binding to the surface, resulting in increased solubility..?>2
Polyurethane catheters modified with antibiotics were developed by adsorbing cefamandole

and vancomycin onto the surface, which in turn enhanced catheter resistance against microbial
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infections.?®?” An approved drug that has showed efficacy against UTI is nitrofurazone. When
Foley catheters were impregnated with nitrofurazone, it was marketed for commercial use. It
showed effective killing of E. coli bacteria in the first week compared to an uncoated catheter,

and even better activity than a silver alloy coated catheter.?%?8

Sparfloxacin, an antibiotic of the class of fluoroquinolones, was immobilized onto
heparin-coated silicone latex catheter by oxidizing with sodium periodate and by linkage of
antibiotic in an organic medium. The catheters were non-toxic and inhibited biofilm
formation.?® Antibiotic-impregnated catheters have emerged as a great alternative; however,
frequent usage can lead to antibiotic resistance. As a result, only certain quantities and kinds
of antibiotics may be employed, limiting the antibacterial range. To proceed with antibiotic-

loaded catheters, a more comprehensive and fluent knowledge is necessary.

1.4.2. Antiseptics

Chlorhexidine (CHX), a cationic bisguanide, has been commonly used as an agent to prevent
biofilms and as a catheter coating to prevent catheter-associated urinary tract infections
(CAUTISs).20%% Another broad-spectrum antimicrobial agent, commonly used in consumer
products, is Triclosan. At lower concentrations, it is bacteriostatic and at higher concentrations
it has biocidal properties. Triclosan, when used in a fluidic form filled into the retention balloon
of the catheter, and by impregnating it into the coating of the catheter material.®! Evaporation
and dip-method were used as the coating process as triclosan is organo-soluble.®> When
compared to a nitrofural catheter, a silicone catheter loaded with CHX, silver sulfadiazine, and
triclosan is far more successful in stopping the colony growth of S. aureus and S. epidermidis
for a longer period (23-24 days).>® Trials to eradicate encrustation caused by P. mirabilis,

triclosan loaded polyurethane samples were prepared, which exhibited higher antimicrobial
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activity by lowering the pH of the urine.®* Due to certain hormonal dysregulation in certain

animal studies, this approach is still up for discussion.?

1.4.3. Silver

Silver is one of the most often utilised antibacterial treatments for urinary catheters. It is a
powerful biocide and a desirable agent for invasive medical devices because of its numerous
mechanistic methods. Ag alloys with noble metals such as gold and palladium, Ag-containing
polymers, nanoparticles, and even some nanocomposites are used to create silver-ion release-

based coatings.?%2%:3:36

For urogenital uses, silver-based alloy coatings on catheters are being used, with
antibiotics like nitrofural. When compared to nitrofural-coated catheters, the adhesion of
numerous CAUTI-causing microorganisms on silver-alloy coated catheters was efficient
against bacterial adherence as well as biofilm formation.®” Comparatively, Ag-PTFE coated
catheters showed enhanced antimicrobial properties along with anti-adhesion properties due to
its synergistic effects of silver and polytetrafluoroethylene. As compared to market available
silicone catheters, silver and Ag-PTFE coated catheters, bacterial adhesion significantly

decreased. 38

Even though silver nanoparticles have gained massive popularity in the scientific
research community to combat infections and bacterial resistance, it has its set of drawbacks
like its high costs and absence of reliable reports. Alongside, silver shows cytotoxicity,
therefore new combinations are being designed that can substantially increase the antimicrobial

efficacy and significantly decrease cytotoxicity.?

1.4.4. Nitric oxide

Nitric oxide, which is created in endothelial cells by the enzymatic oxidation of L-arginine by

NO synthase, has proved to be an efficient antibacterial agent, with increased production during
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infections. S-nitrosothiols such as S-nitroso-N-acetyl-D, L penicillamine (SNAP), and S-
nitrosoglutathione (GSNO) are often utilised as nitric oxide donors. Because of the molecule's
high reactivity, prolonged release in its native state is challenging, thus the donor molecules

are either covalently bonded to the surface or non-covalently integrated with polymers. 34

SNAP has shown promising results because NO releases up to 3 weeks as solvent form
of SNAP impregnation into the polymer showed a controlled release for a period of 14 days
and reduced bacterial growth of S. epidermidis and P. aeruginosa.*? Many Foley catheters have
been impregnated with SNAP showed a sustained release for 30 days and showed effective
antimicrobial activity as compared to silver-alloy based coatings and an equivalent activity
compared to nitrofurazone coated catheters.?® Nevertheless, NO-releasing coatings have an
adverse effect on the human body like inhibition of platelet aggregation, skin oedema and even

blood pressure reduction.*

1.5. Contact-based coatings

Among the different strategies for biofilm prevention, the use of non-eluting surfaces that
counteract bacterial attachment and kill bacterial cells have shown longer antimicrobial
durability and lesser toxicity. Antimicrobial agents, mainly, cationic enzymes or molecules, are
covalently attached to the catheter surface through hydrophobic polymeric chains. They show
contact-killing mechanism by disrupting the bacterial membrane through membrane
interactions (Figure 1.5). Prolonged activity is observed without any interference with the host

immune responses since cationic functional groups are stable.*®
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Figure 1.5: a) Schematic representation of contact-active coating, wherein the active
antimicrobial immobilized on the surface kills pathogens upon contact b) Structures of various

quaternary polymers used in the development of contact-active surfaces.

1.5.1. Chitosan

Chitosan a naturally available liner cationic polysaccharide with non-toxic, antibacterial, and
antifouling properties. It has been greatly exploited as a drug carrier and even as a contact-
based coating against bacteria. Its low molecular weight form facilitates it to penetrate the
bacterial cell walls and eventually bind with DNA and high molecular weight chitosan acts
through electrostatic interactions between the positively charged and the negatively charged
components on the microbial membranes altering the cell permeability and transport into the

ceII 44,45

Chitosan has the capability to reduce bacterial adhesion and regrowth of any Gram-
negative uropathogenic bacteria. A considerable reduction in E. coli and K. pneumoniae
viability and increasing the activity with lower pH and molecular weight of the chitosan

solution medium. It is also able to electrostatically bind to anionic antibiotic molecules such as
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rifampicin, to form a slow and controlled release system linked with drugs with high efficiency.

A chitosan can be used effectively for preventing any fungal biofilm.*4

1.5.2. Quaternary ammonium compounds

One of the most promising antimicrobial approaches is quaternary ammonium compounds
(QAC). QACs are cationic in nature, bearing a nitrogen that is covalently linked to four alkyl
groups. In these molecules, a direct correlation between efficacy of these cationic polymers
and length of the chains is observed. Their mechanism of action isn’t clearly understood still
but it has been deciphered that it is related to the disruption of cell membrane disruption,
cellular lysis and even the moderation of cell surface charges.*’ In viruses, QACs act by
disrupting the viral envelope and leading to release of the nucleocapsid. Despite the limited
reports describing QAC-based strategies applied against CAUTIs, there have been studies
describing polyurethane and silicone surfaces. There have been many grafting processes that
made the materials permanently biocidal. This process involves the direct immobilization of

molecules on the surface or polymerization reactions that increase the polymer’s density.*3-%°

Pant et al. has functionalized a multi-defence strategy of incorporating SNAP as the
NO donor in a CarboSil polymeric composite with a benzophenone-based quaternary
ammonium coating. There have been many novel approaches too, that involves a plasma-based

method to develop quaternary ammonium silane (QAS) on catheters t00.%*

1.5.3. Antimicrobial peptides

Antimicrobial peptides (AMPs) are short-stranded peptides with 15-50 amino acids that can be
found in prokaryotic and eukaryotic organisms, and shows antimicrobial activity against
bacteria, fungi, and even enveloped viruses.>> AMPs are a part of the innate immune response
system and can function as immunomodulators. On analysis, it is known that AMPSs are mostly

cationic due to the presence of lysine and arginine. They can exhibit their antibacterial
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properties by either membrane disruption or by penetrating the membranes and targeting the
intracellular constituents. Besides membrane disruption, AMPs can also disturb the DNA,
RNA, or protein synthesis when it is translocated through the membrane. In a 2015 study, an
AMP, CWR11 was attached to a polydimethylsiloxane (PDMS) film surface taking the help of
polydopamine (DOPA).>*> The DOPA coating went through oxidative crosslinking, along
with chemical bond formation with any surface silanol groups. This was a promising study as

the coating prevented any kind of biofilm formation for the next 21 days.®

Different architecture of AMP can increase or decrease the antimicrobial activity. To
maintain its contact-killing property it must maintain salt resistance, biocompatibility, and
antimicrobial activity. It has been observed that AMPs linked with allyl glycidyl ether (AGE)
polymer brushes showed no biofilm formation and was more effective and rapid in killing than
any ordinary immobilized peptides. A system was designed by immobilizing the AMP
Chain201D from crowberries on a model of self-assembled monolayer surfaces.’’ Again, a
novel polymer-based strategy consisting of highly active AMPs attached to a PDMA-co-
APMA brush on a PU catheter that has antifouling properties along with specific flexible sites
for any peptide conjugation.>® It reduced bacterial adhesion by almost 99.99%. In vivo study
showed bacterial adhesion reduced by 4 log units and inhibited planktonic bacterial growth by

3 log units.

AMPs have given rise to many antimicrobial agents because of its resistance
mechanisms. However, some of the issues with them are their substandard coating properties,

potential toxicity, pH sensitivity and expensive synthesis process.

1.5.4. Enzymes

The capability of enzymes to destroy biofilms and prevent their initial attachment has made

them an active component in antimicrobial coatings. It has been proposed as an alternative to
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antibiotics because of their prolonged stability and antimicrobial effect against numerous
microorganisms.>® The impregnation of enzymes on surfaces is either through reversible
immobilization or irreversible immobilization. Categorization can be done based on their
mechanistic action: a) hydrolytic enzymes that act by degrading the bacterial structural
components; b) oxidative enzymes that induce the production of antimicrobial substances and

finally, ¢) quorum quenching enzymes that prevent bacterial quorum sensing.?°

Lysozyme, a natural component of the innate immune system is a polysaccharide
hydrolysing enzyme. It can be found in several secretions like tears or even saliva and acts by
catalysing the hydrolysis between N-acetylglucosamine and N-acetylmuramic acid, the main

components of the peptidoglycan.®®>°

Oxidative enzymes produce hydrogen peroxide which is utilized by peroxidases to
damage the bacterial cells. The commonly used oxidative enzymes are glucose oxidase,
cellobiose dehydrogenase, superoxides, lactoperoxidase.®® On the other hand, quorum
quenching enzymes attack acyl homoserine lactone (AHL), which is the signalling molecule in
bacteria. It focuses on disturbing the communication between the bacterial cells, and therefore
cannot produce virulence compounds that prevents biofilm formation. In case of catheters or
any other invasive medical devices, these enzymes can be immobilized onto the surfaces.
Reversible immobilizations include chelation or metal binding by forming the disulphide bonds
and adsorption of enzymes through physical bonds. Irreversible methods are preferred due to

improved stability and low percentage of leaching.®°

1.6. Dual-active coatings

The problem of dead bacterial detritus accumulating on quaternary polymeric coatings renders
the coatings inert. Release-based coatings work by allowing the loaded components to leak out.

Researchers devised a system that demonstrated both the biocide's antibacterial activity as well
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as the antimicrobial properties of the polymeric matrix. The polymers can destroy germs that
come into touch with them, whereas the biocides that are leached can kill bacteria cells in the

immediate vicinity.®

Polymer-silver nanocomposites have been shown to be effective against device-related
infections, so a highly active dual-functional polymer—silver nanocomposite made of N, N-
dimethyl-N-hexadecyl ammonium chitin tosylate and silver para-toluene sulfonate, which are
both antimicrobial and biodegradable, has been developed. Both fungus and bacteria were
prohibited from forming biofilms because of the composites discharged into the environment.
Methicillin-resistant Staphylococcus aureus was successfully combated using nanocomposites
(MRSA ATCC 33591). In vivo experiments revealed a 2.4 log reduction in MRSA count and
a substantial drop in bacterial count based on the amount of polymer-silver nanocomposite

coated catheter.51:62

Multiple systems have been emerging that are mimics of those found in the nature.53-%
Certain other properties like self-cleaning, super-wettability rim of a pitcher plant rim,% or

even the low drag skin of a shark ae being explored by scientists.®’

1.7. Scope of thesis

There is a rising interest in materials that may eliminate dangerous bacteria as a result of the
ever-increasing need for healthy living. Surface-associated infections have intensified as a
result of increased use of healthcare materials combined with the emergence and spread of
antibiotic resistant microorganisms. Various customised antimicrobial surfaces are created and
utilised to combat such illnesses. Furthermore, increased use of biomaterials and invasive
medical devices (such as catheters, cardiac pacemakers, hip implants, and contact lenses,
among others) in combination with contaminated surfaces might result in significant implant-

related infections. Different modification principles can be used to modify the surface. Several
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surfaces that kill germs by emitting antimicrobials from the surface have been created. These
techniques, however, have several drawbacks. The majority of anti-adhesive surfaces are
passive by nature. In addition, polymer matrices utilised as antibacterial reservoirs are
ineffective against drug-resistant bacterial infections. Fouling, deposition of dead bacterial
cells, and proteins on contact-active surfaces deteriorate the surface, rendering it useless over

time.

The goal of this thesis is to create antimicrobial materials that overcome the
shortcomings of present antibacterial techniques. In Chapter 2, a non-covalent coating, with
dual properties have been designed with a polymer and zinc oxide nanoparticles. The one-step
surface fabrication has been described with its effective antimicrobial properties and biofilm
inhibition properties to combat UTI. The polymer nanocomposite (APN) showed effective
killing of both Gram-positive and Gram-negative bacteria along with various fungal strains.
APN has proven to be an effective coating for biomedical devices like urinary catheters.
Antimicrobial resistance to such polymer-based coatings is extremely difficult to develop, in
contrast to traditional antibiotics. As a result, this coating offers a particularly efficient way to

treat urinary tract infections caused by catheters (CAUTIS).
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Chapter 2

Antimicrobial Polymer-Zinc oxide
Nanocomposite Coatings for Rapid

Intervention against CAUTIs
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Abstract

Chapter 2 describes the synthesis of an organo-soluble antimicrobial polymer nanocomposite
(APN) coating for catheters based on quaternized polyethylenimine and zinc oxide
nanoparticles which is effective against both UTI causing bacteria and fungi. Simple, spin-
coating, dip-coating, and drop-casting methods were incorporated to coat the catheter, silicone,
and glass surfaces. The coated surfaces showed ~6 log reduction against both Gram-positive
and Gram-negative bacteria like E. coli, K. pneumoniae, MRSA ATCC 33591, S. epidermidis,
etc. that are responsible for UTI. The polymer nanocomposite was notably effective also
against, fungal strains like C. albicans AB226 and C. albicans AB399. A surface coated with
APN has even shown membrane activity by disrupting the bacterial membrane, along with
reactive oxygen species (ROS) generation. In contrast to conventionally used antibiotics,
developing any kind of antimicrobial resistance against such polymer-based coatings is very
difficult. Hence, this coating presents a very effective method to combat such catheter-

associated urinary tract infections (CAUTIS).
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2.1 Introduction

Urinary tract infections (UTIs) are infections commonly caused by uropathogenic Escherichia
coli (UPEC) bacteria that enter the urinary tract through the urethral opening, commonly
known as the external urethral orifice or urinary meatus before ascending to the urethra finally
into the urinary lumen.? According to WHO, approximately 50% of women report having UTI
at some point in their life leading to an overall annual cost of more than $1 billion. One of the

common UTIs that occur is catheter-associated urinary tract infections (CAUTIS).

Invasive medical devices are responsible for more than 75% of all nosocomial
infections. A patient is extremely susceptible to infections produced by a urinary catheter due
to cross-contamination from the drainage bag and external pathogenic contamination emerging
from the skin and other ambient surfaces during catheterization. The open drainage system in
the indwelling catheters bypasses the natural host-defense mechanism and provides the bacteria

to colonize the catheters.?

Physically embedding coatings on surfaces can sometimes result in leaching and
reservoir exhaustion. Our group has developed an antimicrobial paint based on organo-soluble,
hydrophobic quaternary polyethyleneimine (PEI) that can fight hospital-acquired diseases.
These polymers were coated on glass slides to evaluate their activity against multiple

pathogens.®

In this study, we have designed a non-covalent-based antimicrobial polymer-
nanocomposite (APN) coating with an organo-soluble, hydrophobic quaternized
polyethyleneimine (QPEI), from a branched polyethylenimine backbone (750 kDa)
functionalized with a hexadecyl amide long chain for common urinary catheter surfaces like
silicone incorporated with zinc oxide nanoparticles. The surfaces were characterized with

scanning electron microscopy (SEM) and atomic force microscopy (AFM). The coating
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showed potent antibacterial and antifungal properties against catheter-associated pathogens
like various E. coli strains, Enterococcal strains, MRSA ATCC 33591, K. pneumoniae, S.
epidermidis and even Candida spp. Next, biofilm inhibition studies were conducted against

Gram-positive and Gram-negative bacterial strains.

2.2. Results and discussion

2.2.1. Synthesis and Characterization

Synthesis of polymer (QPEI) and polymer-nanocomposite (APN). The polymer, QPEI with
a degradable side chain was synthesized by quaternation of N-methyl PEI with N-hexadecyl-
2-bromoethanamide. Firstly, N-hexadecyl-2-bromoethanamide was obtained by reacting 1-
aminohexadecane with bromoacetyl bromide. Next, N-methyl PEIl was synthesized via the
Eschweiler-Clarke  methylation scheme of commercially available branched
polyethyleneimine (PEI) of N-H peaks (3200-3400 cm™) which are present for primary and
secondary amine groups. Finally, the N-methyl PEI was quaternized with N-hexadecyl-2-
bromoethanamide to obtain QPEIs with degradable amide sidechain (Figure 2.1 a). They were
characterized by FT-IR (Figure 2.1 ¢) and *H-NMR. Quaternization was confirmed by the
complete disappearance of tertiary methyl and methylene protons at around 2.2-2.5 ppm and

showed presence of quaternary methyl and methylene protons in the range of 3.2-4.7 ppm.

Zinc oxide nanoparticles were synthesized by reacting zinc acetylacetonate
monohydrate with two surfactant moieties oleyl amine and oleic acid under inert conditions
(Figure 2.1 b). The obtained nanoparticle was characterized by XRD, which confirmed the
formation of nanoparticles with a hexagonal closed packing (hcp) structure, showing
significant XRD peaks from 30° to 80° (Figure 2.1 e). The formation of nanoparticles was also
confirmed by the observed Zn-O peak around 480 cm™ in FT-IR. TEM showed an average size

of 20 nm for the nanoparticles (Figure 2.1 d).
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Figure 2.1: (a) Synthesis of branched N-hexadecyl-N-methyl PEI by Eschweiler Clarke methylation
of branched PEI, following quaternization with alkyl bromide (b) Synthesis of zinc oxide
nanoparticle from two surfactant moieties, oleyl amine and oleic acid under inert condition (c) FT-
IR analysis of the synthesis of QPEI (d) TEM image of ZnO nanoparticles (e) XRD plot of ZnO

nanoparticles showing characteristic peaks.
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2.2.2. Coating of surfaces and characterization. 1x1 cm?silicone surfaces were coated with
the 20 pL polymer-nanocomposite solution formed by mixing polymer QPEI in DCM (100
mg/mL) and ZnO nanoparticles in DMSO solution (10 mg/mL) (1:1) to form (antimicrobial
polymer-nanocomposite) APN3 through drop-casting on the surfaces (Figure 2.2 a). Two other
polymer-nanocomposites were also formed APN1 (QPEI 50 mg/mL and ZnO 10mg/mL in
DCM: DMSO solution) and APN2 (QPEI 100 mg/mL and ZnO 5 mg/mL in DCM: DMSO
solution). The uncoated surfaces were used as a control. SEM confirmed that the surfaces were
coated, from the undulation and rough morphology observed against the smooth morphology
of the uncoated silicone surfaces. Energy-dispersive X-ray confirmed from the elemental
mapping the presence of nitrogen, bromine, carbon, zinc, and oxygen that the surfaces were
coated with the APN solution the former being the elements in the QPEI and the latter for the
nanoparticle (Figure 2.2 c-d). Bromine is the counter-ion in QPELI. 12 Fr silicone catheters
were also cut into small pieces of length 3 cm, and dip-coated with APN3s and characterized by
FESEM (Figure 2.2 e-f) Atomic force microscopic studies further attested the uniform nature

of the coating (APNs) with surface roughness with rms roughness of 1.94 nm (Figure 2.2 h).

2.2.3. Visualization of Stability of Coated Surfaces through Scanning Electron
Microscopy. 1x1 cm? silicone surfaces were coated with 20 pL. APN3 solution. The surfaces
were washed in 5 cycles with water and saline to mimic the flow of urine through a catheter to
check the stability of the coating, whether it washes off or not. SEM studies with elemental

mapping were done. The SEM images confirmed that the coating did not wash off and
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elemental mapping showed the presence of the elements of the coating. Hence, confirming the

stability of the non-covalent coating on the silicone surfaces.

2.2.4. Thermal Stability of Coating. QPEI showed high thermal stability, as loss in weight

or degradation was observed at 400 °C, showing that QPEI is a thermally stable polymer. Zinc

@ /18 ®) ©
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O o 08 e
RT Dried at 40°C .
APN solution 1x1 cm?
APN coated surface

in DCM: DMSO (1:1)  Uncoated surface Silicone latex foley catheter
12 Fr

—— QPEI
~——ZnO NP

200 400 600
Temperature (°C)

Figure 2.2: Surface modification and characterization of the coated surfaces (a) Schematic
representation of coating of surfaces by drop-casting method (b) Cartoon image of a Foley
catheter, Rusch Catheter (thickness= 12Fr) used for experiments (c-d) Scanning electron
microscopy images of uncoated and APNs3 coated surface, respectively. The inset images
represent color mapping of bromine (blue) and zinc (purple) of the coated surface after
Energy dispersive X-ray analysis. Scale bar = 250 um (e-f) Scanning electron microscopy
images of uncoated and APN3 coated catheter surface, respectively. (g) Thermogravimetric
analysis of the stability of QPEI, and ZnO nanoparticles (h) Atomic force microscopic

images of silicone surfaces coated with APN3 in height phase.

oxide is capped and stabilised by oleic acid.%® Degradation for the surfactant happened at a
temperature of almost 650 °C proving the stability of the nanoparticle to resist melting (Figure

2.2 g). APNs hence proved the stability of the coating under thermal conditions.
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2.2.5. Antibacterial Activity of APN Coated Surfaces. Silicone is a very commonly used

material for urinary catheters. Silicone surfaces were used for the antibacterial activity of the

coatings. APN1, APN2, APNswhich constituted of different concentrations of QPEI and ZnO

(Figure 2.3 a), were coated on 1x1 cm? silicone surfaces. It was observed that after 18 hrs of
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Figure 2.3: Antibacterial activity of different concentrations of APN (a) Table represents

different concentrations of QPEI and ZnO modulated to check effective antibacterial

activity (b) Antibacterial activity of APN1, APN2, and APN3 against methicillin-resistant S.

aureus (MRSA ATCC 33591) and E. coli R3336 (c-d) Reduction in bacterial count in the

case of APNsagainst E. coli R3336 and MRSA ATCC 33591, respectively. Arrows indicate

the direction of dragging of surfaces on agar plates. An asterisk (*) indicates bacterial count

of 0 CFU/mL.



incubation, APN1, APN2, had thick lawns of bacteria which grew across the agar plate.
However, APN3, showed effective killing of MRSA ATCC 33591 and E. coli R3336 (Figure
2.3 b). There was ~6 log reduction in bacterial count in the case of E. coli R3336 and a reduction

of ~5 log in the case of MRSA (Figure 2.3 c-d). Hence, for further experiments APN3was used.

2.2.6. Antibacterial Activity of Coated Surfaces Against Gram-positive and Gram-
negative bacteria and Counting Bacterial Reduction. Different clinical isolates of Gram-
positive bacteria E. faecium (VRE 903), S. epidermidis MTCC 3615 and MRSA ATCC 33591,
the main Gram-positive bacteria causing CAUTI, along with Gram-negative bacteria K.
pneumoniae R3934 and K. pneumoniae 700603 and E. coli R3336 were tested for antibacterial
property of APNs coated surfaces. After the incubation period it was observed that uncoated
surface, QPEI coated and ZnO coated surfaces showed thick growth of bacteria on agar plates

however, APN3 coated surface effectively killed all bacteria (Figure 2.4 a).

2.2.7. Antibacterial Assay. To quantify the killing of bacteria by APN3 system was done by
tittering the viable bacterial cells of MRSA ATCC 33591, E. coli R3336 and P. aeruginosa
R590 in a plate counting method. After incubating the surfaces with bacterial cells, the surfaces
were washed with saline vigorously by the rapid sonication method. The solution was diluted
and plated on nutrient gar plates to let the viable cells grow. The uncoated surface showed a
count of ~10* E. coli cells after incubation for 30 minutes whereas APNz showed complete
killing with almost 3.8 log reduction, 4 log reduction for MRSA ATCC 33591 and in the case
of P. aeruginosa R590 a reduction of almost 3 log (Figure 2.4 b-d). The APN3s system shows
such effective killing of a significant number of bacteria, compared to the polymer itself proves

its competence to be applied on biomedical devices like urinary catheters to prevent CAUTIS.
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2.2.8. Visualizing Antibacterial Activity of Coated Surfaces through Turbidity Test. To

validate the efficacy of bacterial killing visually, the APNs coated surface was incubated with
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Figure 2.4: Effective killing of Gram-positive and Gram-negative bacteria responsible for
uncomplicated and complicated UTI (a) Antibacterial activity of uncoated surface, QPEI,
ZnO and APNBs coated surfaces against various Gram-positive bacteria and Gram-negative
bacterial strains (b-d) Reduction in bacterial count in the case of APN3 against, MRSA
ATCC 33591, P. aeruginosa R590 and E. coli R3336, respectively. Arrows indicate the

direction of dragging of surfaces on agar plates. An asterisk (*) indicates bacterial count of

0 CFU/mL.
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~10° E. coli R3336 and P. aeruginosa R590 bacteria for 30 mins. After the incubation period,
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Figure 2.5: Potent killing of bacteria by APN3 (a) Antibacterial activity of uncoated surface,
QPEI, ZnO and APNs3 coated surfaces against various strains of E. coli and P. aeruginosa
R590 by dragging across the agar plate (b-c) Visualization of antibacterial activity through
turbidity test against P. aeruginosa R590 and E. coli R3336, respectively. Arrows indicate

the direction of dragging of surfaces on agar plates.

the surfaces were transferred to freshly prepared growth media and allowed to grow for 18 hrs.
For the uncoated surfaces, the media became turbid indicating the growth of bacteria. On the
other, for polymer-nanocomposite coated surfaces, media was clear, without any turbidity,

establishing the efficacy of the coating (Figure 2.5 b-c).
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2.2.9. Antibacterial Assay of Coated Surfaces by Dragging on Agar Plates. Against
Planktonic Cell. Urinary catheters are invasive medical devices that are commonly used in the
treatment of urinary retention, the management of urinary incontinence, and the release of urine
following genital or prostate surgery. The catheter might stay in our bodies for a short time (up
to a week) or for a long time (more than four weeks), causing bacterial infections.!® To ascertain
the efficacy of APNs coated silicone surfaces, it was checked against various strains of E. coli
and P. aeruginosa R590. Few of the strains were clinical isolates and even antibiotic resistant.
A 20 uL bacterial suspension was dropped on the surface and incubated. After an incubation
period of 30 minutes, the surfaces were dragged across the agar plate to examine the presence
of live bacteria. The uncoated surface showed the growth of a thick lawn of bacterial colonies.
APN3 coated surfaces showed more effective killing than the polymer-coated silicone surfaces
(Figure 2.5 a). Zinc oxide shows antibacterial properties via ROS generation, Zn?* ion

generation, and electrostatic interactions.’®

Against Stationary Cell. The prevalence of stationary bacteria cells, which remain
metabolically inert and hence exceed the barrier provided by typical antibiotic therapies, is one
of the alarming challenges in healthcare settings. Therefore, as a result, if antibiotic treatment
is discontinued, these stationary cells may cause infections to return. The silicone surfaces
coated with APN3s showed the effective killing of live E. coli cells whereas uncoated surfaces
showed the presence of a huge number of bacterial cells on the agar plates (Figure 2.6 a). APN3
showed potent antibacterial activity against dormant bacterial cells, which are known to dodge

the action of commercially available antibiotics.

Against Persister Cell. Antibiotic-resistant mutants inevitably survive, which are dormant and

non-dividing cells.”* E. coli MTCC 443 population was treated with ampicillin, and the
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Figure 2.6: Rapid antibacterial activity (a) Antibacterial activity of uncoated surface, QPEI
and APN3 coated surfaces against planktonic-phase, stationary-phase and persister-phase
cells of E. coli MTCC 443 by dragging across the agar plate (b) Bactericidal kinetics of
uncoated and APN3z coated surfaces against E. coli R3336, P. aeruginosa R590 and E. coli

MTCC 443, respectively. Arrows indicate the direction of dragging of surfaces on agar

plates.

surviving cells were allowed to grow which gave rise to antibiotic-resistant E. coli strain which
commonly leads to recurrent UTI. Recurrent UTI is highly prevalent and accounts for the
leading cause of hospital-acquired infections and the subsequent morbidity.”> APNs coated
surfaces showed the effective killing of notorious, antibiotic-resistant E. coli strain within 30-
40 minutes with no growth of bacterial lawn across the agar plate (Figure 2.6 a). Uncoated and
polymer-coated surfaces showed thick growth of the bacterial colony, hence proving the
efficacy of our coating is killing bacterial cells by not only targeting metabolically active cells

but also through membrane disintegration by disrupting the cell envelope.

2.2.10. Bactericidal Kinetics. Bacterial colonization on invasive biomedical devices can cause
major life-threatening infections. Infections through catheters can spread during the handing of

the catheters so it is important for surfaces to rapidly kill bacterial cells before the infection
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prevails. To evaluate how fast bacterial cells can be eradicated, bactericidal kinetics was
performed for the silicone surfaces coated with APNs. Upon incubation of these surfaces with
E. coli R3336, E. coli MTCC 443, and P. aeruginosa R590 stationary cells, the surfaces showed
effective killing within 15-30 minutes. The coating killed viable planktonic E. coli R3336
bacterial cells within 10 mins (Figure 2.6 b). This showed that the coating has outstanding

killing rates, making them a suitable candidate for antimicrobial applications.

2.2.11. Antibacterial Activity of Urinary Catheters. To mimic the actual situation of a
urinary catheter being infected with bacteria during its handling or implantation, a 12 Fr urinary
catheter was cut into pieces and incubated with Gram-negative E. coli R3336, one of the main
pathogens leading to UTIs. When incubated and dragged across the agar plate, a thick lawn of
bacteria grew for the uncoated catheters and no bacterial colonies were observed in the case of
APNGs coated catheters proving to be an effective candidate against catheter-associated urinary

tract infections with a ~5.8 log reduction in E. coli R3336 bacterial cells (Figure 2.7 a,c).

2.2.12. Repeated Antibacterial Activity of Coated Surfaces. Sometimes, on repeated usage
of catheters because of washing off the coating can lead to the diminution of the efficacy of the
catheters leading to infections. To understand this, in small scale, the surfaces were washed in
3 cycles for 1 minute each with 1 mL saline and water. After washing, the surfaces were
incubated with E. coli R3336 and E. coli MTCC 443 for 45 minutes. Once dragged across the
agar plate, and incubated at 37 °C for 18 hrs, the uncoated control surfaces showed thick
bacterial colonies whereas the APN3 coated surfaces showed no growth in bacterial colonies
with ~6 log reduction against E. coli MTCC 443. Even though the surfaces took a little more

time in killing” the bacteria than an unwashed coated catheter surfaces that shows effective
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killing in 10-15 minutes, the washed surfaces also was equally effective in killing bacteria

rapidly (Figure 2.7 b,d).
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Figure 2.7: Retainment of antibacterial activity of coated surfaces (a) Antibacterial activity
of uncoated surface, QPEI and APNs3 coated catheter surfaces against E. coli R3336 by
dragging across the agar plate (b) Antibacterial activity of uncoated, QPEI and APN3 coated
silicone surfaces after washing the surfaces with saline and water. Arrows indicate the
direction of dragging of surfaces on agar plates. An asterisk (*) indicates bacterial count of

0 CFU/mL.

2.2.13. Bacterial Biofilm Inhibition Study. In clinical settings, bacterial biofilm formation is
one of the most prevalent causes of severe and chronic illnesses. Biofilm is a multicellular
microbial structure composed of a self-produced extracellular matrix, antimicrobial diffusion
barriers, and many metabolically inactive or dormant bacterial cells. Furthermore, planktonic
and biofilm embedded bacterial cells were revealed to be different than dispersed cells resulting
from mature biofilm dispersion.” So, next the bacterial biofilm inhibition was checked for the

APN system against E. coli R3336, E. coli MTCC 443 and MRSA ATCC 33591. The biofilm

47



formation was visually imaged via CLSM imaging after staining with SYTO 9 and PI.
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Figure 2.8: Biofilm inhibition study (a-c) Reduction in bacterial burden in E. coli MTCC
443, E. coli R3336 and MRSA ATCC 33591 biofilm (d-f) CLSM images of biofilm

formation in uncoated, QPEI and APN3 coated surfaces. Scale bar = 10 pum.

Uncoated coverslips showed colossal growth of bacterial biofilm of thickness 8.4 um, 6.9 um
and 8.2 um for E. coli R3336, E. coli MTCC 443 and MRSA ATCC 33591 respectively, both
grown for 72 hrs (Figure 2.8 d-f). On the other hand, APN3s coated coverslips showed a
thickness of 2 um proving the efficacy to inhibit the growth of biofilm on the surfaces. To
quantify the biofilm biomass grown, the surfaces were washed with saline and Trypsin-EDTA.

The solution was diluted and plated on agar plates. The coated surfaces showed a 4 log
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reduction in cell viability in the case of E. coli MTCC 443 and a 3 log reduction for E. coli
R3336 indicating the potential of APNs in inhibiting bacterial colonization onto the surfaces

(Figure 2.8 a-c).

2.2.14. Antifungal Assay of Coated Surfaces by Dragging on YPD Plates. Candida species
are commonly found in the human gastrointestinal system, vaginal tract, and skin.”? During
their stay in the hospital, patients, particularly those in the intensive care unit (ICU), accumulate
several risk factors, and candiduria is a regular occurrence leading to fungal UTI. Candida
species account for 78.3% of nosocomial fungal infections. Hence, the efficacy of the coating
was checked against fluconazole-resistant, C. albicans AB226, and C. albicans AB399. A 20
uL fungal suspension was dropped on the surface and incubated. The APNs3 coated surfaces
when dragged across YPD agar plates showed no fungal growth whereas uncoated surfaces
showed thick lawns of fungi on the plate (Figure 2.9 a). The coating showed effective 100 %
killing of the fungal strains within 1-2 hours proving its superior potency against deadly fungal

strains.

2.2.15. Antifungal Assay. To quantify the antifungal activity of the coated and uncoated
surfaces were incubated with viable fungal cells of C. albicans AB226 and C. albicans AB399.
The surfaces were washed with saline and the solution was tittered and plated for counting of
fungal colonies. After an incubation period of 2 hrs, APNs coated surfaces showed a 4 log
reduction for both C. albicans strains whereas the uncoated surfaces showed ~10* fungal cells

(Figure 2.9 b,d).

2.2.16. Fungicidal Kinetics. It is important to measure how rapidly the APN3s coating can
eradicate fungal strains. Upon incubation of the surfaces at different time points, 0 minutes, 30
minutes, 1 hr, and 2 hrs with C. albicans AB226 and C. albicans AB399. The coating

effectively killed C. albicans AB226 within an hour whereas C. albicans AB399 took 2 hrs to
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get killed. Within 1-2 hrs, the coating killed 100 % of the fungal strains, demonstrating its

higher effectiveness against lethal fungal strains (Figure 2.9 c).
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Figure 2.9: Antifungal study (a) Antifungal activity of uncoated, QPEI, ZnO and APN3
coated surface against C. albicans AB226 and C. albicans AB399 (b,d) Reduction in fungal
count against C. albicans AB226 and C. albicans AB399 (c) Fungicidal kinetics of uncoated
and APN3 coated surfaces. Arrows indicate the direction of dragging of surfaces on YPD

agar plates. An asterisk (*) indicates fungal count of 0 CFU/mL.

2.2.17. Visualization of Antibacterial Activity of Coated Surfaces through Scanning
Electron Microscopy. To have a better understanding of the killing of bacteria by APNs, the
bacterial morphology of E. coli MTCC 443 was visualized by scanning electron microscopy
after incubation with coated polystyrene surfaces. The images of the cells incubated in the

uncoated wells showed the retention of well-defined morphology and rod-shaped E. coli
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bacteria. Whereas, coated wells showed the disruption of the bacterial cells, indicating loss of
structural integrity of the bacterial cells along with debris observed, affirming membrane

disruption (Figure 2.10 b-c).

2.2.18. Live-Dead Assay of the Coating Against Bacteria. To visualize the membrane
disruption of the bacteria, Live-Dead assay was done. 100 pL of E. coli MTCC 443 were
dropped into 10 wells and incubated for 1 hr. Fluorescence imaging of living and dead bacterial
cells was done using SYTO-9 and PI dyes to see how the coating killed the bacteria. The
appearance of green fluorescence validated that practically all bacteria were alive. Observation
of the merged green and red fluorescence from SYTO-9 and Pl staining indicated the presence

of dead bacteria when the well plates were coated (Figure 2.10 d).

2.2.19. Flow cytometric analysis of intracellular ROS. To fight excessive ROS generation,
the cell has a robust antioxidant defence mechanism. When the production of reactive oxygen
species (ROS) outnumbers the cells' natural antioxidant defences, oxidative stress ensues.’
DCF, a membrane permeable oxidised fluorescent result of DCFHz, can leak out of cells over
time signalling the generation of ROS.”™ Uncoated surface showed no ROS generation as
predicted, whereas QPEI coated surface showed a very low percentage of ROS generation.
ZnO having an inherent property of generating ROS showed a percentage of 2.1% of
intracellular ROS generation in 10 mins. However, polymer-nanocomposite system, APN3,
due to the synergistic effect of polymer and metal oxide nanoparticle showed high amount of
ROS generation amounting to 50.3% to kill the bacterial cells in the 10 minutes. ROS
generation being one of the main reasons for the rapid antibacterial activity showed by APN3

coated surfaces (Figure 2.10 a).
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2.3. Conclusion

In this study we have developed a non-covalent-based polymer nanocomposite (APN3) coating
with an organo-soluble, hydrophobic quaternized polyethyleneimine (QPEI) backbone
functionalized with a hexadecyl amide long chain typically for urinary catheter surfaces like
silicone integrated with zinc oxide nanoparticles that showed effective killing of both Gram-
positive and Gram-negative bacteria responsible for CAUTIs. Our polymer-nanocomposite
showed antibacterial activity via membrane disruption and rapid ROS generation. It is evident
that encrustation of catheter surfaces due to biofilms are a menace, which was also tackled by
the coated surface inhibiting its growth. In addition to these, one of the other highlights of our
system is to combat yeast infections that are usually accompanied with the bacterial infections
during catheterization for a long period of time. Altogether, the overall results suggest that the
APN3 coating bears an immense potential in eradicating catheter-associated urinary tract

infections.

2.4. Materials and methods

Spectrochem provided reagent grade chloroform (CHCI3), dichloromethane (DCM), ethanol
(EtOH), tert-butanol (tBuOH), and methanol (MeOH) (India). Isopropanol (IPA) of HPLC
quality was obtained from Spectrochem. Sigma Aldrich provided dimethyl sulphoxide
(DMSO) and poly(2-ethyl-2-oxazoline). Wherever solvents needed to be dried, it was done.
Sigma Aldrich provided the 1-hexadecane. The chemicals were employed in the process
directly.Nuclear magnetic resonance (NMR) spectra of the compounds were recorded in
deuterated solvents in a Bruker AMX-400 spectrometer. A local hardware store provided
silicone sheets with a thickness of 0.7 mm. E. coli R3336, E. coli MTCC 443, E. coli ATCC

25922, E. coli MTCC 448, E. coli R250, E. coli 4806, and P. aeruginosa R590, MRSA ATCC
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33591, E. faecium ATCC 19634, S. epidermidis 3615, K. pneumoniae R3934, and K.
pneumoniae 700603 were obtained from the National Institute of Mental Health and
Neurosciences (NIMHANS), Bangalore, India. Fungal strains (C. albicans AB226 and C.
albicans AB399) were obtained from Anthem Biosciences, Bangalore, India. As a solid growth
medium, nutrient agar was used for both Gram-negative and Gram-positive bacteria. YPD agar
was used for fungi-related experiments. The 96-well plates and 6-well plates were obtained
from Tarsons (India). SEM and EDX were performed in Zeiss Gemini 500 FESEM comprising
an EDX unit. Confocal studies were performed in Zeiss LSM 800. Thermogravimetric analysis
(TGA) was performed on the Perkin EImer STA 6000. FACS studies were performed on BD

FACSAria lll.
2.5. Experimental section

2.5.1. Synthetic protocol

2.5.1.1. Synthesis of N-hexadecyl-2-bromoethanamide

In DCM (55 mL), 1-aminohexadecane (64 mmol) was added, followed by an aqueous solution
of K2COz (95 mmol) (60 mL). After that, the mixture was cooled to 5 °C. Bromoacetyl bromide
(95 mmol) dissolved in anhydrous DCM (55 mL) and was added dropwise to the mixture over
30 minutes. The reaction was then allowed to continue at room temperature (RT). The DCM
layer was collected using a separating funnel after 18 hrs. DCM (250 mL) was used to wash
the remaining aqueous layer. The DCM solutions were then combined and washed three times
with water (100 mL each time). Finally, the DCM layer was washed with anhydrous sodium

sulphate (Na2SO4) and removed with a rotary evaporator to yield a colourless solid.

N-hexadecyl-1-bromoethanamide: FT-IR (v): 3252 cm™ (amide N—H str.), 2925 cm™(—CH.-
assym. str.), 2850 (—CHz— sym. str.), 1679 cm™ (Amide I, C=0 str.), 1565 cm™*(Amide 11, N—

H ben.), 1469 cm™ (-CH2z— scissor); *H-NMR: (400 MHz, CDCls): § 0.87 (t, terminal-CHs,
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3H), 1.310 (M, ~(CH2)1s—, 26H), 1.550 (g, ~CH2(CH2)13—, 2H), 3.278 (t, -CONHCH,—,2H),

3.880 (s, -COCH,Br, 2H), 6.572 (br s, amide ~NHCO, 2H).

2.5.1.2. Synthesis of N-Methyl branched PEIs

Polyethyleneimine (PEI) (750kDa) (5.6 g) was taken in a round-bottom flask and formic acid
(3.4 mL) was added followed by the addition of formaldehyde (5.45 mL) and 20 mL of water.
The reaction mixture was stirred at 90 °C for 60 hrs. The reaction mixture was cooled to room
temperature after which KOH (8M) solution was added to the reaction mixture until the pH
was ~11. The organic solution was subjected to repeated chloroform wash. The obtained

product after removing chloroform had a 100% degree of methylation.

N-Methyl branched PEI: FT-IR (v): 2947 and 2785 cm™ (C-H str), 1463 cm™(C-H bend),
1030 cm™ (C-N str); *H NMR (400 MHz, CDCls, §): 2.250 (s, 3H, -N(CHs)-), 2.426-2.605 (m,

4H, -N(CH2CHy>)-).

2.5.1.3. Synthesis of N-hexadecyl, N-Methyl PEIs

Methylated PEI (17.5 mmol/repeating unit) was reacted directly with N-hexadecyl-2-
bromoethanamide (26.3 mmol) after dissolving it in tert-butanol (50 mL) in a pressure tube for
96 hrs at 75 °C. The resulting reaction mixture was concentrated using the rotary evaporator.
Then, an excess of diethyl ether was used to obtain a pale-brown product for purification. The
excess of diethyl ether was decanted, and any unwanted solvent was removed by drying the

precipitate in a high vacuum pump to obtain the quaternized PEI (QPEI).

N-hexadecyl, N-Methyl PEI: FT-IR (v): 3200-3450 cm™(amide N—H str.), 2935 cm™}(~CHz—
assym. str.), 2865 cm}(~CHo— sym. str.), 1680 cm™(amide I, C=0 str.), 1556 cm*(amide II,
N-H ben.),1475 cm™(~CHz— scissor); *H-NMR (400 MHz, CDCI3, &): 0.856 (t, terminal —
CHa, 3H), 1.233 (-CHs(CH2)13CH2—, 26H), 1.510 (CH3(CH2)13CH2CH2—, 2H), 3.186 (-

(CH3)N*(CH2CH2)2(CH,CONH)—, 3H), 3.480-3.585 (-(CH3)N*(CH2CH2)2(CH2CONH)-,
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4H), 3.835 (-CH2CONHCH2CHz—, 2H), 4.475 (-(CH3)N*(CH2CHz2)2(CH2CONH)-,  2H),

8.320 (-CH,CONHCH,CH2-, 1H)

2.5.1.4. Synthesis of ZnO nanoparticles

Zinc oxide nanoparticles (ZnO NP) were synthesized using zinc acetylacetonate monohydrate
(6 mmol) as a metal precursor in the presence of two surfactants, namely oleyl amine (18 mmol)
and oleic acid (3.6 mmol).%° The resulting mixture was first degassed and then heated in an
argon flux. To allow for the growth of the ZnO NP, the synthesis was carried out at 240 °C for
20 minutes under argon flow. After cooling, the resulting nanocrystalline product was
precipitated from the reaction mixture using absolute ethanol. To remove any precursor and
surfactant residuals, the product was centrifuged and thoroughly purified through repeated
cycles of dispersion in chloroform and reprecipitation with absolute ethanol. Because of their
hydrophobic organic coating, the final NP showed good dispersibility in chloroform. A white
powder was obtained after air drying for X-ray diffraction, Transmission Electron Microscopy

(TEM), and FT-IR.

X-ray Diffraction (XRD). Zinc oxide (ZnO) nanoparticles were dispersed in chloroform (10
mg/mL) and drop-casted on a 2 x 2 cm? glass slide. On air-drying, the sample was used for

XRD measurements.

Transmission Electron Microscopy (TEM). Zinc oxide nanoparticles were dispersed in
chloroform (0.2 mg/mL) and drop-casted on a TEM grid and the images were captured in JEOL

JEM 2100 Plus operating at an acceleration of 200 kV.

FT-IR. The dried ZnO nanoparticle sample was directly used for FT-IR measurements.
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2.5.1.5. Coating of surfaces and characterization

100 mg/mL QPEI solution in DCM and a 10 mg/mL solution of zinc oxide in DMSO were
prepared and mixed (1:1) to obtain the antimicrobial polymer nanocomposite (APN). Silicone
surfaces to mimic the catheter surface were cut into 1x1 cm? pieces and washed in three cycles
with isopropanol and further with water and acetone to remove any unwanted impurities. After
the surfaces were dried, 20 puL of the organo-solution was drop-casted on the surfaces and dried
at room temperature and then 40 °C. The surface morphology was determined through Field-
emission scanning electron microscopy (FESEM), Energy dispersion X-ray (EDX), and atomic
force microscopy (AFM). 12 Fr silicone catheters were cut into small pieces of length 3 cm,

and dip-coated with APN and characterized by FESEM.

Field Emission Scanning Electron Microscopy (FESEM). Uncoated, polymer (QPEI) coated,
and APN coated surfaces were characterized by FESEM studies with gold-sputtering before

imaging.

Energy dispersive X-ray (EDX). EDX analysis of the silicone samples was done using the Zeiss
Gemini 500 FESEM instrument holding the EDX unit. Gold-sputtering was done before sample

analysis.

Atomic Force Microscopy (AFM). AFM measurements of the silicone-coated and uncoated
surfaces were performed on the Bruker Innova AFM using a cantilever made of silicon in
tapping mode with frequency, in the range of 300 and 400 kHz and a spring constant value of

40-80 Nm™,

2.5.1.6. Visualization of Stability of Coated Surfaces through Scanning Electron
Microscopy. 1x1 cm?silicone surfaces and catheter surfaces were coated through drop-casting

and dipping-method with the APN solution. The surfaces were washed in 5 cycles with saline
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and water. The washed surfaces were then characterized by scanning electron microscopy and

energy-dispersive X-ray with gold sputtering before imaging.

2.5.1.7. Thermal Stability of Coating. QPEI and Zinc oxide nanoparticles were checked for

thermal stability through Thermogravimetric analysis (TGA) on the Perkin ElImer STA 6000.

2.5.2. Biological Assays

2.5.2.1. Antibacterial Activity of APN Coated Surfaces. Different concentrations of APN

were taken to check the initial antibacterial activity. Three systems were developed APNq,
APN2, APNs, were taken and 20 pL of the solutions were drop-casted on silicone. Gram-
positive MRSA ATCC 33591 and E. coli R3336 were cultured at 37 °C for 6 hrs in a nutrient
media under constant shaking condition. The bacterial solution was diluted to a suspension of
108 CFU/mL in saline. 20 L of the solution was poured onto the coated surfaces and incubated
for 30 minutes at 37 °C. Finally, the silicone surfaces were dragged across the nutrient agar
plate along its diameter and incubated for 18 hours. Similarly, the surfaces were rinsed with
990 L saline after incubation. After serial dilution, 20 litres of the solutions were dropped onto
nutrient agar plates. The agar plates were incubated for 18 hrs at 37 °C, after which the bacterial

colonies were counted.

2.5.2.2. Antibacterial Activity of Coated Surfaces by Dragging on Agar Plates Against
Gram-positive and Gram-negative bacteria and Counting Bacterial Reduction. Different
clinical isolates of Gram-positive bacteria E. faecium (VRE 903), S. epidermidis MTCC 3615
and MRSA ATCC 33591, the main Gram-positive bacteria causing CAUTI, along with Gram-
negative bacteria K. pneumoniae R3934 and K. pneumoniae 700603 and E. coli R3336. The
bacteria were cultured at 37 °C for 6 hrs in a nutrient media under constant shaking condition.
E. faecium was cultured in brain heart infusion (BHI) media under same conditions. The
bacterial solution was diluted to ~10° CFU/mL suspension in saline. 20 uL of this bacterial
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suspension was dropped on the 1x1 cm? surfaces of silicone coated with QPEI, ZnO and APNG.
In the experiment, the uncoated silicone surfaces were used as the control. The surfaces were
then covered with a coverslip to spread the bacterial suspension homogeneously over the
surfaces. After incubation at 37 °C for 30 minutes, the silicone surfaces were dragged across
the nutrient agar plate along its diameter. The plates were then incubated at 37 °C for 18 hrs

followed by imaging of these plates.

2.5.2.3. Antibacterial Assay. The antibacterial assay of the APNs and QPEI coated silicone
surfaces was done using the previously reported protocol.®® Pristine surfaces were used as the
control for the experiment. 20 pL of ~10® CFU/mL bacterial suspension of MRSA ATCC
33591, E. coli R3336 and P. aeruginosa R590 was dropped on 1x1 cm? coated and uncoated
surfaces and covered with a coverslip and incubated at 37 °C for 30 minutes. Post-incubation
the surfaces were washed with 990 uL saline. Serial dilution was conducted and 20 pL of the
solutions were drop-casted on nutrient agar plates. The agar plates were incubated for 18 hrs at

37 °C, consequently counting the bacterial colonies.

2.5.2.4. Visualization of Antibacterial Activity of Coated Surfaces through Turbidity
Test. E. coli R3336 and P. aeruginosa R590 were made to grow in a suitable nutrient media
for 6 hours under continuous shaking conditions. The bacterial suspension was diluted to ~10°
CFU/mL in saline. QPEI and APNs coated 1x1 cm? surface was dropped into these bacterial
solutions and incubated at 37 °C for 2 hrs. The uncoated surfaces were treated as the control
for the experiment. The surfaces were then dropped into freshly prepared nutrient media (5
mL) and incubated at 37 °C for 18 hrs. After the incubation period, the tubes were investigated

visually, and their photographs were captured.

2.5.2.5. Antibacterial Assay of Coated Surfaces by Dragging on Agar Plates. Against

Planktonic Cell. Different clinical-isolates and drug-resistant strains of E. coli (E. coli R3336,
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E. coli MTCC 443, E. coli ATCC 25922, E. coli MTCC 448, E. coli R250, E. coli 4806) and
P. aeruginosa R590 were grown at 37 °C for 6 hrs in a nutrient media under constant shaking
condition. The bacterial solution was then diluted to prepare a ~10® CFU/mL suspension in
saline. An aliquot of 20 pL of this bacterial suspension was dropped on the 1x1 cm? surfaces
of silicone coated with QPEI and APNs. The rest of the experiment was done similar to the

previously conducted experiment.

Against Stationary Cell. A stationary-phase E. coli MTCC 443 culture was created by diluting
a mid-log phase bacterial culture 1000 times in nutrient broth and incubating it at 37 °C for 16
hrs under shaking conditions. After which the bacterial suspension was centrifuged (9000 rpm,
3 minutes) and was resuspended in saline. The suspension was diluted in saline to a
concentration of ~10° CFU/mL, which was used in the experiment. The protocol after this is

like the bacterial assay against planktonic cells that have been described earlier.

Against Persister Cell. Initial steps to culture and dilute a mid-log phase bacterial suspension
of E. coli MTCC 443 are like that described earlier in the bacterial assay against stationary
cells. After centrifugation (9000 rpm, 3 minutes) the bacterial precipitate was treated with 300
ug/mL Ampicillin solution. The suspension was incubated at 37 °C for 4 hrs under shaking
conditions. After which the bacterial solution was again centrifuged (9000 rpm, 3 minutes) and
resuspended in saline. The suspension was diluted in saline to a concentration of ~10° CFU/mL,
which was used in the experiment. The protocol after this is like the bacterial assay against

planktonic cells that have been described earlier.

2.5.2.6. Bactericidal kinetics. A bacterial culture of E. coli R3336 (~10° CFU/mL) was diluted
from a mid-log phase (=108 CFU/mL) in saline solution from a mid-log phase (~108 CFU/mL)
2

in saline solution. An aliquot of 20 uL of this bacterial solution was dropped on 1x1 cm

silicone coated with QPEI and APNs. The uncoated silicone surfaces were employed as the
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control in the experiment. After that, the surfaces were covered with a coverslip to evenly
distribute the bacterial suspension. The samples were incubated for different time points such
as 0, 5, 10, 15, 30, 45 mins at 37 °C. These surfaces were then dragged across the nutrient agar
plates along the diameter of the plate and incubated at 37 °C for 18 hrs followed by taking

photographs of the plates.

2.5.2.7. Antibacterial Activity of Urinary Catheters. A 12 Fr silicone catheter was cut into
small pieces (25-30 mg) of length 3 cm. The ends of the catheters were blocked on both sides
by heat-sealing them. The catheter surfaces were dip-coated and after air-drying, dried at 45
°C. 20 puL ~10® CFU/mL E. coli R3336 bacteria was dropped on a petri dish. The surfaces were
rigorously rubbed on the bacteria to smear the entire surface of the catheter. The uncoated
catheter surface was the control for the experiment. The catheter surfaces were incubated at 37
°C for 45 minutes. Post-incubation the catheter surfaces were dragged across the diameter of
the nutrient agar plate and kept for incubation for at 37 °C for 18 hrs. Photographic images
were captured of the result. Also, another set of catheter surfaces were washed with 990 puL
saline after incubation with the bacterial suspension. Serial dilution was conducted and 20 puL
of the solutions were drop-casted on nutrient agar plates. The agar plates were incubated for 18

hours at 37 °C, consequently counting the bacterial colonies.

2.5.2.8. Repeated Antibacterial Activity of Coated Surfaces. The uncoated and coated
catheters were washed with saline and water in 3 cycles for 1 minute each. After washing the
surfaces, they were incubated with 20 pL ~10% CFU/mL E. coli R3336 and E. coli MTCC 443
bacteria at 37 °C for 45 minutes. Once incubated, the surfaces were dragged across the agar
plate and incubated at 37 °C for 18 hrs to check the antibacterial activity after washing the
surfaces. Images were captured to investigate the result visually. A set of washed surfaces were

used which were washed with 990 pL saline after incubation with the bacterial suspension.
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Serial dilution was done, and the solutions were drop-casted on nutrient agar plates. The agar

plates were incubated for 18 hrs at 37 °C, consequently counting the bacterial colonies.

2.5.2.9. Bacterial Biofilm Inhibition Study.

Through Confocal imaging. Glass coverslips of diameter 18mm were coated with QPEI by
dissolving it in DCM and APNs solutions in DCM and DMSO (1:1) by drop-casting it on the
surface. Thin films were obtained on the surface by air-drying them. Uncoated glass slips were
used as the control in the experiment. The coverslips were placed into the wells of a 6-well
plate. E. coli MTCC 443, E. coli R3336 and MRSA ATCC 33591 were suspended into suitable
media (M9 media with 0.02% casamino acid 0.5% glycerol and nutrient broth supplemented
with 1% NaCl and 1% glucose respectively). Bacterial solutions (2 mL) were then added to the
wells containing the coverslips. The 6-well plates were incubated at 37 °C for 72 hrs under
stationary conditions. Consequently, the coverslips were removed and washed with saline. The
coverslips were finally placed on glass slides, green dye SYTO 9 (60 uM) solution, and red
dye PI (15 uM) was added onto the coverslips and then air-sealed with another cover glass.
The cover glasses were incubated for 15 minutes in the dark and imaged using a confocal laser

scanning microscope (Zeiss LSM 800).

Through counting of a bacterial colony. QPEI was dissolved in DCM and APNs3 solutions in
DCM and DMSO (1:1) were drop-cast on the surface of glass coverslips with a diameter of
18mm. By air-drying the surface, thin films were formed. The experiment employed uncoated
glass slips as the control. In a 6-well plate, the coverslips were inserted into the wells. Suitable
media were used to suspend E. coli MTCC 443, E. coli R3336 and MRSA ATCC 33591
bacteria (M9 media with 0.02 % casamino acid 0.5 % glycerol and nutrient broth supplemented
with 1% NaCl and 1% glucose respectively). The coverslips were then placed in the wells with

bacterial solutions (2 mL). Under stationary conditions, the 6-well plates were incubated at 37
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°C for 72 hrs. After which, the coverslips were removed, and saline washed. Serial dilution
was conducted with Trypsin EDTA and 20 uL of the resulting solutions were drop-casted on
nutrient agar plates. The agar plates were incubated for 18 hrs at 37 °C, consequently counting

the bacterial colonies.

2.5.2.10. Antifungal Assay of Coated Surfaces by Dragging on YPD Plates. 20 pL of ~10°
CFU/mL fungal suspension of C. albicans AB226 and C. albicans AB399 was dropped on 1x1
cm? coated and uncoated surfaces and covered with a coverslip and incubated at 37 °C for 2
hrs. The further process is similar to that described in the antibacterial assay of coated surfaces

dragged on agar plates.

2.5.2.11. Antifungal Assay. Fungal strains C. albicans AB226 and C. albicans AB399 were
streaked on yeast peptone dextrose (YPD) agar plates and incubated for 24 hrs at 30 °C. The
single fungal colony was inoculated in 3 mL YPD media for 10 hrs at 37 °C to obtain the mid-
log phase (~10® CFU/mL) of the fungal growth and eventually diluted to ~10° CFU/mL in
saline to experiment. The further process was similar to that of the antibacterial assay described

previously.

2.5.2.12. Fungicidal Kinetics. 20 pL of ~10°5 CFU/mL fungal suspension of C. albicans
AB226 and C. albicans AB399 was dropped on 1x1 cm? coated and uncoated surfaces and
covered with a coverslip and incubated at 37 °C for different time points 0, 30 minutes, 1 hr
and 2 hrs. The pristine surfaces were used as the control for the experiment. The incubated
surfaces were dragged across the YPD agar plates and incubated at 37 °C for 18 hrs.

Photographs were captured for the visual results.

2.5.2.13. Scanning Electron Microscopy Visualization of Bacterial Killing. To observe the
antibacterial activity of the coating, a previously established protocol was followed with certain

modifications. 24-well plates were coated with APNs. Uncoated wells were treated as the
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control for the experiment. A 400 pL aliquot of ~10” CFU/mL E. coli R3336 bacterial
suspension in saline was added to the wells and incubated for 2 hrs at 37 °C. After the
incubation period, the bacterial cells were transferred from the wells to a 1 mL centrifuge tube.
Centrifugation was done at 3000 rpm for 5 minutes. The bacterial pellet obtained was
resuspended in 30 % ethanol. Consequently, it was dehydrated with 50%, 70%, and 90%
ethanol solution in water. Finally, the bacterial was resuspended in 90% ethanol. An aliquot of
5 uL was drop-casted from the solution onto a silicon wafer and air-dried. The samples were

gold-sputtered before imaging with Zeiss Gemini 500 FESEM.

2.5.2.14. Live-Dead Assay of the Coating Against Bacteria. A 96-well plate was taken, and
10 such wells were coated with APN3. 100 uL of ~10” CFU/mL bacterial solution of E. coli
MTCC 443 was dropped into the 10 wells and kept for incubation at 37 °C for 60 minutes.
After incubation period, the solutions were collected in an Eppendorf and allowed to centrifuge
at 5000 rpm for 5 minutes. The supernatant was discarded, and the precipitate was dissolved in
1 mL of saline again. SYTO-9 (3 uM) and PI (15 uM) were added and kept for 15 minutes in
the dark. The resultant solution was centrifuged again at 5000 rpm for 5 minutes. The
supernatant was discarded and redissolved in 100 pL saline. 5 pL. was drop-casted on a glass-

slide for imaging. The same procedure was done for uncoated surfaces.

2.5.2.15. ROS generation. Surfaces coated with QPEI, ZnO and APNs solutions were
incubated with 20 uL of ~10" CFU/mL bacterial solution of E. coli MTCC 443 at 37 °C for 10
minutes. Right after incubation, the surfaces were washed with 1 mL saline. Pristine surfaces
were treated as control in the experiment. The washed solutions were treated with 10 uLL of 10
uM 2',7'-dichlorodihydrofluorescein diacetate (DCFDA) dye for staining. The sample were

analysed for intracellular (reactive oxygen species) ROS generation through flow cytometry.
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