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Abstract

People suffering from urinary tract disorders often rely on urinary catheters for proper voiding of their
bladder. However, the use of such medical devices are connected with an increased risk of contracting
urinary tract infections (UTI). Administration of antibiotics are used in the treatment of such patients but
the repeated use of these medications have shown to be leading to antibiotic resistant bacteria. The
painful and reoccurring infections is a severe limitation in their everyday life and measures to prevent this
have revolved around antimicrobial coatings that releases antibiotics or repel adhesion of bacteria but
have shown limited effect. Cationic polymer surfaces have emerged as an alternative solution able to kill
bacteria in direct contact and thereby avoids depletion by release of an active compound. Especially
guaternary ammonium polymer coatings have been exploited for their antimicrobial activity and
investigation and application of such systems in relation to urinary catheter coatings to reduce or prevent
catheter associated urinary tract infections (CAUTI), is the focus of this dissertation.

Initially, a screening platform able to conduct surface modification directly onto polyurethane (PU)
catheter material, was developed to investigate grafting conditions of monomers via an industrially
relevant process. Here, the combination and concentration of monomers proved to be important
parameters for the outcome of the polymerization. The design of the device also allowed for detailed
chemical analysis and characterization of the surface by both water contact angle analysis (WCA), x-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FT-IR) and UV-vis
spectroscopy. The platform thereby proved to be a suitable tool for exploring large variations in grafted
polymer coatings.

In the next step, the platform was utilized for the preparation of a series of quaternary ammonium based
coatings on PU and was used to establish a suitable bacteriological methodology for the evaluation of the
antimicrobial activity. A long range of different assays were applied but the chemical nature of PU as well
as diffusion of process aids lead to inconclusive results. A method for conducting high throughput
screening of quaternary ammonium modified PU was therefore, in this case, not possible using
conventional methods.

Alternatively, polydimethylsiloxane (PDMS) was chosen as a more inert catheter substrate and used for
the development of a controlled surface initiated supplemental activation reducing agent atom transfer
radical polymerization (SI-SARA-ATRP) technique. This method was applied to gain a more fundamental
understanding of the structure-property relationship relating to the antimicrobial activity of quaternized
2-(dimethylamino)ethyl methacrylate (DMAEMA) polymer systems. The effect of brush length and choice
of alkylation agent showed that charge density, mobility and amphiphilicity were pivotal for achieving
highest possible antimicrobial effect.

As a final part of the thesis, quaternary ammonium polymers were implemented as an additive in existing
Coloplast coating formulations to evaluate their applicability in production of antimicrobial urinary
catheters. Initial investigations were made on flat polymer substrates, which showed that antimicrobial
activity increased with increasing content of the quaternary ammonium polymer and retained activity
even after exposure to E-beam sterilization treatment. Applying the coating directly onto urinary
catheters gave both smooth low friction surfaces and an evenly distributed polymer layer. This proved
that quaternary ammonium polymers could be incorporated in an industrial process for production of



smooth hydrophilic catheter coatings. However, in disagreement with previous results, reduced
antimicrobial activity was seen for quaternary ammonium containing coatings. The lack of antimicrobial
activity for quaternary ammonium polymers in combination with hydrophilic coatings, was attributed to
high water uptake and swelling of the system. This could dilute the charge density resulting in diminished
effect. This is, however, a subject for further investigation to clarify the precise cause for the observed
trend.



Resumé

Personer med urinvejslidelser er ofte afhaengige af at bruge urinvejskatetre for at udfgre regelmaessig
vandladning, men dette er imidlertid ogsa forbundet med en gget risiko for at fa urinvejsinfektioner (UTI).
Samtidig er der stor risiko for tilbagevendende infektioner, som kraever gentagende behandlinger med
antibiotika, hvilket har vist sig at lede til udvikling af antibiotikaresistente bakterier. De smertefulde og
hyppigt forekomne infektioner forringer livskvaliteten for disse personer og er til stor gene i deres
hverdag. Metoder til at Igse dette problem har fokuseret pa udvikling af antimikrobielle
overflademodificeringer af katetre og har involveret bl.a. frigivelse af antibiotika og afvisende overflader,
som beskytter mod adhaesion af bakterier, men har indtil videre haft relativt lille effekt. Kationiske
polymeroverflader har i mellemtiden vist sig som en alternativ metode, som er i stand til at draebe
bakterier ved direkte kontakt og derved undga frigivelse af fx antibiotika, som forsvinder over tid. Specielt
brugen af kvaternar ammonium polymere har udvist hgj antimikrobiel effekt mod en lang reekke af
bakterier. Formalet for denne afhandling er derfor at undersgge anvendelsen af sadanne systemer i
katetercoatninger til at forhindre kateterrelaterede urinvejsinfektioner (CAUTI).

Indledningsvist blev en screeningplatform udviklet og anvendt til at udfgre overflademodifikationer pa
polyurethan (PU) katetermateriale. Dette havde til hensigt at undersgge indflydelsen af forskellige
reaktionsbetingelser ved brug af monomere i en industriel relevant proces og viste, at bade
kombinationen og koncentrationen af monomer, havde stor indflydelse for resultatet af
polymerisationen. Designet af platformen tillod endvidere brugen af kontaktvinkel maling (WCA), x-ray
photoelctron spektroskopi (XPS), FT infrargd spektroskopi (FT-IR) og UV-vis spektroskopi til at opna en
detaljeret kemisk analyse og karakterisering af overfladen. Platformen viste sig dermed at veere et
veerdifuldt vaerktgj til screening af overflademodifikationer pa polymeroverflader.

Derefter, blev platformen benyttet til forberedelse af en serie af kvarternszere ammoniumbaserede
overflademodificeringer pa PU og til at etablere en retvisende bakteriologisk metodologi til evaluering af
antimikrobiel aktivitet. En lang raekke forskellige biologiske metoder blev undersggt, men grundet den
kemiske sammensatning af PUen samt diffusion af procesmidler fra substratet, gav det tvetydige
resultater. Det var derfor i dette tilfeelde ikke muligt at anvende screeningplatformen i kombination med
konventionelle testmetoder til evaluering af antimikrobielle egenskaber for overflademodifikation af PU.

Polydimethylsiloxan (PDMS) blev valgt som et alternativt katetermateriale grundet dets mere inerte kemi
og blev anvendt til at udvikle en metode til at udfgre kontrolleret overfladeinitieret polymerisation via
SARA-ATRP. Denne metode blev benyttet til at opna en bedre forstaelse for ssmmenhangen mellem den
kemiske overfladestruktur af kvarternaere 2-(dimethylamino)ethyl methacrylate (DMAEMA) polymer
systemer og deres antimikrobielle egenskaber. Laengden af polymerkaederne samt valg af alkyleringsagent
viste at ladningsdensitet, mobilitet og amfifilicitet var afggrende parametre for at opna den hgjest mulige
antimikrobielle aktivitet.

Som en sidste del af afhandlingen, blev kvarternaere ammonium polymere inkorporeret i eksisterende
Coloplast coatingformuleringer for at evaluere deres anvendelse i produktion af antimikrobielle
urinvejskatetre. | et indledende studie udfgrt pa flade polymersubstrater viste det sig, at den
antimikrobielle aktivitet steg med gget indhold af en kvarternaer ammonium polymer og at coatningerne
var i stand til at bibeholde det antimikrobielle niveau selv efter E-beam sterilisation. Anvendelse af



coatningerne pa urinvejskatetre gav glatte overflader med lav friktion, samt et jeevnt fordelt coatninglag.
Dette beviste at kvarternaere ammonium polymere kunne implementeres i en industriel produktion af
glatte hydrofile katetercoatninger. Ved anvendelse pa kateteroverflader, viste coatningerne sig imidlertid,
at have en reduceret antimikrobiel effekt, hvilket var i modstrid med tidligere resultater. Den nedsatte
aktivitet for kvarternaere ammonium polymere i kombination med hydrofile coatninger kunne tilskrives
det hgje vandoptag og kvaeldning af systemet. Dette kunne medfg@re en fortynding af ladningsdensiteten
og resultere i en mindsket effekt. En videre undersggelse er dog ngdvendig for at kunne klarleegge den
praecise baggrund for dette faenomen.
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Objective and Outline

1. Objective and Outline

People with urinary incontinence, urinary retention and many cases of spinal cord injury, suffer from lack
of bladder control, also commonly referred to as neurogenic bladder disease. This makes them unable to
efficiently drain the content of their bladder on their own and they have to insert a urinary catheter to
allow drainage. However, use of urinary catheters are also associated with an increased risk of contracting
urinary tract infections (UTI) from either daily (intermittent) or long-term (indwelling) use. Treatments
often involves the use of strong antibiotics to knock down infections, but it is not always capable to
completely eradicate the pathogens. Surviving bacteria are thereby able to start new infections and
reoccurring incidences are therefore a prominent issue. The frequent and painful infections, along with
repeated need for medication, greatly reduces the quality of life for these people. In addition, the
repeated use of antibiotics can eventually lead to the development of antibiotic resistant strains making
treatment even more difficult.

The main cause for the formation of catheter associated urinary tract infections (CAUTI) is believed to be
from bacteria being transported from the catheter through the urethra and into the bladder and irritation
of the mucosal layer during insertion. Despite repeated efforts to apply different strategies to either
prevent or kill bacteria entering the bladder, the initiatives have not yet lead to any significant
improvements.

The overarching objective for this project was therefore to establish a hydrophilic antimicrobial coating
able to prevent or reduce the number of UTIs without the use of leaching antimicrobial agents.

This was to be achieved through initially conducting a state-of-the art literature study of antimicrobial
polymer surfaces. Based on the survey, synthesis and screening of appropriate antimicrobial candidates
applicable for coating on polyurethane based catheter material should be investigated. These coatings
should then be applied by the use of an industrially feasible procedure and undergo bacteriological testing
against relevant pathogens, such as E. coli, to confirm their antimicrobial activity. Ultimately, an
antimicrobial urinary catheter having a smooth surface, no leachable compounds, good binding stability
and be able to endure sterilization should be achieved by implementation of the best candidates in a
hydrophilic catheter coating formulation.

Relevant aspects of the pathogenesis of UTI and the pathogens involved are described in Chapter 2,
followed by an overview of some of the various strategies investigated in relation to prevention of
microbial colonization of polymer surfaces. Special attention was made with respect to contact active
antimicrobial surfaces based polymeric quaternary ammonium systems. A more comprehensive summary
of antimicrobial surfaces can be found in the literature study, which have been provided in Appendix 2.
Chapter 3 comprises the development of a screening platform to investigate grafting of various monomer
systems onto polyurethane (PU). The effect of monomer concentration and oxygen tolerance during
polymerization was studied in order to achieve optimal grafting conditions.

In Chapter 4, the platform was utilized for grafting of antimicrobial quaternary ammonium candidates,
which were chosen based on the literature survey. The focus of this chapter, was to evaluate the
antimicrobial activity of said modified PU substrates against relevant pathogens and to find a suitable
biological methodology for antimicrobial testing.

The broad applicability of the screening platform was further investigated in combination with a
controlled radical polymerization technique. Through this new method, the identification of important



Objective and Outline

structure-property relationships for high antimicrobial activity with respect to brush length of the polymer
chain, as well as choice of N-alkylation agents was investigated, which is described in Chapter 5.

The implementation of identified candidates, based on previous chapters, within urinary catheter coatings
were the scope of Chapter 6. Here, the influence of the polymer additive on chemical stability towards E-
beam sterilization, binding of coating to polymer substrate, smoothness and antimicrobial activity was
investigated.

The overall conclusion and outlook can be found in Chapter 7 and 8 followed by the procedures of
unpublished experimental work in Chapter 9.

The dissertation is based on the following publications and presentations at international conferences,
which are listed below:

Publications

Andersen C.; Madsen, N. J.; Daugaard, A. E. Screening Platform for Identification of Suitable Monomer
Mixtures Able To Form Thin-Film Coatings on Polyurethanes by UV-Initiated Free Radical Polymerization,
ACS Applied Polymer Materials, 2020, DOI: 10.1021/acsapm.9b00744 (see Appendix 1.1 and supporting
information in Appendix 1.2)

Literature report: An internal report on antimicrobial polymer surfaces were made for Coloplast A/S. (see
Appendix 2)

Conferences and Seminars

Andersen C.; Madsen, N. J.; Daugaard, A. E. “Anti-Microbial Coatings for Polymer Surfaces “, Annual
Polymer Day, Kgs. Lyngby, Denmark, November 2017 (oral presentation)

Andersen C.; Madsen, N. J.; Daugaard, A. E. “Screenings Platform for Easy Surface Modification of
Polymers®, Nordic Polymer Days, Copenhagen, Denmark, May 2018 (oral presentation)

Andersen C.; Madsen, J. E.; Daugaard, A. E. “Anti-microbial Polymers for Catheter Coating “, Knowledge
Sharing Day, Humlebaek, Denmark, March 2019 (oral presentation)

Andersen C.; Madsen, J. E.; Daugaard, A. E. “Method of Making Polymer Surface Modifications Through
the use of Screening Platforms “, Nordic Polymer Days, Trondheim, Norway, June 2019 (oral presentation)

Andersen C.; Madsen, J. E.; Daugaard, A. E. “Screening of grafting methods for modification of polymer
surfaces “, Annual Polymer Day, Humlebaek, Denmark, November 2019 (oral presentation)

Project Supervision

Beate Ramshgj Knudsen, BSc project “Synthesis of Antimicrobial Polymers and Anchoring on Surfaces”,
September-March 2017-2018. (15 ECTS)

Thea Louise Hansen, BSc project “Preparation of antimicrobial polymer surfaces”, January-June 2018. (20
ECTS).



Background

2. Background

Cather associated urinary tract infection (CAUTI) is one of the most frequent types of infections related to
medical devices. It is responsible for app. 40% of all hospital acquired infections and prolongs the mean
bed time for patients by up to 2.4 days estimated at a total of 900.000 additional hospital days/year in the
US alone’™. The high infection rate also relates to the frequent use of catheters in hospital settings, where
around 25% of all patients will need a urinary catheter during their stay?. Current strategies to prevent
CAUTI have mainly evolved around implementing antimicrobial coatings on catheters. Hydrophilic
surfaces have been made in an attempt to avoid attachment or by adsorption of antibiotics or silver to be
released and kill bacteria during insertion, but so far these approaches have shown minimal effect®.
Finding ways to prevent or reduce the occurrence of UTI would reduce both cost and time associated with
these events, but more importantly also significantly improve the quality of life for the patients. In doing
so, a deeper understanding for the way bacterial infection occurs is needed to be able to take proper
initiatives towards a solution.

The following chapter comprises theoretical background on the pathogenesis of UTI and summarizes the
main findings of state of the art literature on antimicrobial surfaces tested in relation to prevention of
bacterial colonization.

2.1. Pathogenesis of UTI

One of the main causes for CAUTI is the introduction of bacteria into the bladder during insertion of the
catheter®®. The catheter is inserted through the urethra and bacteria from the urethra, surrounding skin
or rectum can adhere onto the catheter surface and thereby be transported into the bladder and start
multiplying (see Figure 1). Many other factors affects the chance of contracting UTI such as incomplete
voiding leaving behind residual urine containing bacteria® the female gender have a higher prevalence
due to the shorter anatomy of the urethra and the type of catheterization used. Indwelling catheters have
a much higher chance, compared to intermittent catheters, to develop UTI with a 5-10% incidence risk
per day of catheterization’.

Bladder
Prostate
Penis
Catheter
Urine is collected
through a catheter
FADAM.

Figure 1 Insertion of urinary catheter in male. Reprinted with permission from A.D.A.M. Images.

Bacteria and fungi have developed an efficient way to protect themselves against threats from the
surrounding environment, by being able to adhere to both biotic and abiotic surfaces. The presence of an
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indwelling catheter in combination with longer insertion times allows bacteria to settle and colonize on
the surface. The bacteria then forms a conditioning film, called biofilm, which consists of various
biomolecules, such as proteins, polysaccharides, extracellular DNA and lipids and serves to protect against
the outside environment®. The way that biofilm is formed, can be divided into 5 steps; 1) Reversible
association with the surface 2) Irreversible attachment 3) Growth and proliferation 4) Maturation and 5)
Dispersion (see Figure 2).

Figure 2 Schematic representation of the steps involved in biofilm formation 1) Reversible association with surface 2) Irreversible
attachment 3) Growth and proliferation 4) Maturation and 5) Dispersion.

Initially, free planktonic bacteria are able to move into close approximation of the surface by the use of
tail/hair-like appendages known as flagella or pili located on the exterior of cell. They are able to create a
spinning motion that propel the bacteria forward or backwards®. This type of bacterial movement is called
locomotion and is important for seeking out nutrients or escape toxic chemicals!®. The adsorption is
mainly loosely formed at first and the strength of the association is predominantly derived from van der
Waals forces, electrostatic and steric interactions!. Bacterial appendages are, in addition, able to assist
in this first level of binding. Secondly, some of the bacteria settle down on the surface and commit to
adhering themselves, becoming irreversibly attached. Here the repulsive forces, such as electrostatic
repulsion from the cell bilayer membrane, have been overcome by flagella or pili and turn into sessile
bacteria. Appendages have also been proven to be able to promote chemical oxidation and hydration of
the bulk substrate, further reinforcing the adhesion'?. In the third step, quorum sensing molecules are
released, signaling and activating a cascade of different biological pathways for production of biofilm
when high enough concentrations are met'*!*. A conditioning film appears rather quickly (within hours)
and grows both horizontally and vertically and can in this stage reach around 10 um in height?®. Typically,
various types of polysaccharides are secreted from the sessile bacteria, but molecules from the
surrounding environment can also be captured and used to reinforce the matrix. For the fourth step,
maturation and growth of the biofilm continues and fully mature biofilm cultures can be almost up to
100 um tall. Restrictions to diffusion of nutrients and water increases as biofilm grows. Certain cultures
of bacteria, such as P. aeruginosa®®, have developed distinctive structural growth patterns for their biofilm
to resolve this limitation. They form what is described as a mushroom-shape and allows for nutrient flow
in-between and below the stem of the mushroom-head. The final step in the cycle of biofilm is dispersion.
This involves the bacteria releasing itself from the biofilm matrix and return to their planktonic state to
find new surfaces to colonize. The bacteria initiates this process by breaking down the biofilm through the
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production of specific enzymes, that cleaves stabilizing bonds within the matrix molecules!*!¢. The type
of produced enzymes depends on the bacterial species due to differences in biofilm composition. An
upregulation in flagella producing genes are also seen, making the bacteria ready to become motile again.
Different factors can induce this kind of behavior such as nutrient and oxygen deficiency, increase in toxic
products and accumulated cell death®?’. Simple shedding from shear stress can also release bacteria from
their sessile state.

The reason that most bacteria are found as sessile and not in their free planktonic state, is because biofilm
offers several layers of protection against many sorts of threats. For example, host immune systems in
most cases fail to deal with biofilm as diffusion of toxic compounds from leukocytes are limited and the
size of the film can become too large for macrophages to engulf them, leading to frustrated
phagocytosis'®. Antibiotics also struggle against biofilm since bacteria, depending on nutrient and oxygen
availability, show different gene expression'®. Despite the bacteria being genetically identical, various
metabolic states may render antibiotics inefficient since they aim at specific biological targets, which may
not be present or active due to downregulation'®!°, The restricted diffusion also creates areas with sub-
inhibitory concentrations, leading to the creation of antibiotic resistant bacterial strains®2%21, In addition,
biofilm colonies do often not only consist of a single organism but rather a combination of species. The
colonies exists in a symbiotic state and provide nutrients and mutual protection for each other. The close
approximation of bacteria also promotes rapid gene transfer, which helps to spread virulent strains®?>2,
Similarly, this is also the case for UTl and a large variety of bacteria have been associated with these types
of infections (see Figure 3).

205 1% 1%

. E. coli . Pseudomonas sp.

Kebsiella sp. Citrobacter sp.

67%

. S.aureus .Enterococcus sp.

Figure 3 Distribution of bacterial populations typically found in UTI?.

The primary pathogens found are gram negative (g-) bacteria, such as Escherichia coli (E. coli) and
Klebsiella species, specifically Klebsiella pneumonia (K. pneumonia.)®, which represents around 67 and
22% of the bacterial population respectively. Other types of bacteria such as (g-) Pseudomonas, (g-)
Citrobacter, gram positive (g+) Enterococcus and (g+) Staphylococcus aureus (S. aureus) are also found?.

The combination of heterogeneous bacterial colonies and resilient biofilm makes for persistent infections
and high reoccurrence rate have been observed?. The best way to protect against CAUTI is therefore to
prevent infection occurring in the first place. Besides CAUTI, the medical field is in general dealing with a
high number of nosocomial infections originating from contaminated equipment and implants.
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Since polymer surfaces are often used in this relation, several studies on antimicrobial polymer coatings
have been conducted in the search of a constant sterile surface. Having a catheter surface capable of
killing or repel microorganisms, would most likely be able to prevent the introduction of bacteria to the
bladder during insertion and thereby UTI.

2.2. Antimicrobial Polymer Surfaces

Different approaches have been utilized in developing antimicrobial polymer surfaces and can overall be
divided into three categories; 1) release of antimicrobial compounds; 2) repelling and; 3) contact active
systems. In relation to release based systems, compounds such as antibiotics and silver have been
investigated (see Table 1). Impregnation of polymeric substrates (polyurethane (PU),
polytetrafluoroethylene (PTFE) and polydimethylsiloxane (PDMS)) with antibiotics such as Nitrofurazone,
Flucloxacillin and Ciprofloxacin have shown good effect in preventing colonization in in-vitro
experiments*?”2 (see Table 1). However, for reasons discussed previously, the repeated use of especially
intermittent catheters, would eventually lead to development of antibiotic resistant strains and would not
be viable as a long-term strategy. Triclosan have, similarly to antibiotics, been effective in vitro but also
encounters issues with respect to resistance and are also under ongoing investigations for hormonal
disruption?®.

Table 1 Compounds used for release based antimicrobial coatings of polymer surfaces.

Compound Ref. | Compound Ref.
Ciprofloxacin 27 Silver 4,30
0 O A
beag g
OH
ﬁN N
HN A
Flucloxacillin 27 Silver alloy 32
Au, Ag, Pd
s
:/CNVJ<
o P
o/ ~OH
Nitrofurazone 4,28 | Silver nanoparticles 31

o)

eo‘ﬁ@\?N\NHkNHZ OO

8 Qg

Triclosan 29
Cl O OH

Silver and silver alloy catheters have gained a lot of attentions due to their broad spectrum antimicrobial
activity and low tendency for bacteria to develop resistance towards these kinds of compounds. However,
clinical trials have shown that the effect is less than what is considered clinically important and does
therefore, not offer sufficient protection against CAUTI*3%32, New strategies in the impregnation method
of catheters have, in the meantime, been able to raise the concentration of silver at the surface by the
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use of nanoparticles®!. This also increased the total load capacity and thereby increased and prolonged
antimicrobial activity. The use of silver in nanoparticles does, on the other hand, pose implications related
to the environment. It has been shown that these compounds have the ability to accumulate in soil and
aquatic environment and are damaging for wastewater treatment facilities®3. Although the wastewater is
initially filtered, the small size of the particles makes it difficult to reliably remove them and therefore,
end up in the wastewater sludge. A part of the wastewater treatment process relies on certain bacteria
to break down organic matter, but they are killed due to the presence of antimicrobial nanosilver.
Though release based systems may be attractive for their high efficacy, the long-term consequences of
antimicrobial resistance and environmental burden, makes them less appealing solutions in combating
CAUTI.

Surfaces that offer antimicrobial activity without diffusion of an active substance are often repellent or
antifouling coatings. These types of surfaces rely on being able to prevent initial attachment of cells or
molecules that can serve as anchor points for adhesion. The following part includes a discussion regarding
the synthesis and effectiveness of such coatings on polymeric materials. Table 2 provides an overview of
selected antifouling coatings, which have been tested by biologically relevant methods along with their
fouling reduction against various microorganisms and molecules.

Table 2 Antifouling surface coatings on polymer substrates. A wavy structure (~~~) symbolizes a non-covalently
attached coating.

Polymer Structure Fouling reduction Comments Ref.
substrate
PET ° 5 © g(+) S. aureus: significant, S. 34
%%O\/\O’\RAO\/\Ti mutans: significant. g(-) P.
aeruginosa: significant. Yeast
C. albicans: significant.
Si/OV\O% g(+) L mf)nocytogenes: Be_zst result. obtained 35
96.1%, S. enterica sv.: 99.8% with PEG chains of 2000
g/mol.
PVDF Protein HSA: >80%, y- Good 36
iiﬁ globulin: >80%, FBG: >80% hemocompatibility.

Wo Protein  BSA:  100%, 37
m . 0,
0P 0gAgy HN . Lysozyme: 100%

H HN

psf al o o £ Protein BSA: Significant, FBG:  Non-cytotoxic and good 38
ﬁowww g) Significant, Platelet: 100% biocompatibility.
n
PDMS S Fm g(+) S. aureus: ca. 93%, S. Negligible cytotoxicity. 39
o O:/g:o epidermidis: >90%. g(-) E. coli:  Good
ﬁ >99% Cells 3T3  hemocompatibility
‘<®7 fibroblast:>90% Protein FBG:
Of é 92%, BSA: 90%
R
i Protein FBG: 90%, BSA: 85%, 40
0
) lysozyme: 88%.
ofi'\/\,éo\/%no/
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Br, CI Protein FBG: Significant 41
5 " M on
: o Protein FBG: >98%, BSA: Maintained antifouling 42
—o- gif(CHZ)HOW \ o 100% properties after storage
o 0/\/®V\g/ for >74 days under wet
conditions.

g(+) S. aureus: 58%, g(-) P. Good biocompatibility 43

l o o § >
,o}sr\/\u aeruginosa: 65%.
e O%Iy Protein  BSA: significant
n .
: o O/\)(\D/\/\/SO? reduction
\

PU g(+) S. saprophyticus: 96-98%, Part of screening library 44
ENULN S. aureus: 96-98%, S. mutans: of 381 polyacrylate
> 98% g(-) K. pneumonia: = /acrylamides. Mixtures
oo? 1 96%, E. faecalis: > 98%. of bacteria was used
[ instead of homogenous
culture.
g(+) S. epidermidis: 97- In vivo experiment in 45
K/jjw W & 99.9%, MRSA: 97-99.9%, S. both canine and rabbits
00 g T aureus: 97-99.9%. g(-) A. showed excellent
baumannii: 97-99.9%, E. Coli:  reduction in thrombus
97-99.9%. Yeast C. albicans: accumulation and
97-99.9% Cells human inflammation.

platelets: >98%,
polymorphonuclear
leukocytes: >98%,
monocytes: >98%,
lymphocytes: >98%.

o  PeptideEE o(4) S Jureus: 98.4%, S. 46
saprophyticus: 96.6%. g(-) P.

bl
OH e} i : 9
}/VHJ\/HMH aeruginosa: 93.2%
O Cl
_’'m
/

Here it can be seen that hydrogels, hydrophilic brushes and zwitterions have been extensively studied for
their low fouling abilities against both bacteria and proteins. The strong hydrophilicity of these coatings
generates a hydration layer of tightly bound water, creating a physical barrier that prevents direct contact
and thereby adhesion®”8, For brush coatings of e.g. polyethylene glycol (PEG), steric repulsion from chain
compression, resulting in unfavorable decrease in entropy, have also been shown to play an important
role for non-specific protein adsorption**. However, a common criteria to efficiently protect against
fouling is the surface coverage and/or grafting density of the coating® .

Chang et al.3¢ synthesized antifouling brush-like PEG layers on polyvinylidene fluoride (PVDF) membranes
via a simple plasma treatment method. The membranes were first incubated with an isopropanol (iPrOH)
solution of poly(ethylene glycol) methacrylate (PEGMA) (M, = 500 g/mol) and dried for 24 h., before
undergoing atmospheric plasma treatment (60 min.). The membranes showed significant reduction for
both human serum albumin (HSA) >80%, y-globulin > 80% and fibrinogen (FBG) >80%. Chang et al. claim
that the architecture of the formed polymer layer can be controlled by the type of plasma used.
Atmospheric plasma resulted in a brush-like coating, whereas low pressure plasma gave a crosslinked
network instead. A comparison between the two methods showed that the brush-like structure had
slightly superior protein repellency. It was also shown that higher hydration capabilities was achieved for
the brush-like structure and thereby, stronger bonding of water. Good hemocompatibility of the

8
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membrane was also shown with respect to human platelet adhesion and plasma clotting time. The
membrane showed no observable adhesion of platelets and had excellent anticoagulant activity.

Dong et al.>* made PEG brush coatings of various molecular weight (MW) onto polyethylene terephthalate
(PET). The coatings were synthesized via a “grafting to” approach and substrates were initially
functionalized with silicon tetrachloride (SiCls) plasma. This was followed by grafting of PEG having a MW
of 200, 400, 600, 2000 or 4000 g/mol (2 h.). The resistance to colonization was in this case evaluated
against g(+) pathogens of Salmonella enterica sv. Typhimurium (S. enterica sv.) and (g+) Listeria
monocytogens (L. monocytogens). Here, it was found that an upper limit of 2000 g/mol PEG chain resulted
in the best antifouling properties with a reduction of L. monocytogenes and S. enterica sv. of 96.1% and
99.8% respectively. PEG have in general been used for a broad range of biomedical application and
possess good biocompatibility and is FDA approved>. As such, PEG based coatings may be good
candidates for creating non-fouling surfaces and urinary catheter coatings based on hydrophilic PEG and
polyvinylpyrrolidone (PVP) already exists®. They serve, in addition to the antifouling properties, to create
a smooth surface and reduces both discomfort during insertion and minimizes potential damage to the
mucosal layer of the urethra. Despite the use of such antifouling coatings, the issue of CAUTI still persists.

Zwitterionic coatings are comprised of both positive and negative charges with an overall net charge of
zero. They have shown to bind water even more tightly than polyhydrophilic coatings due strong ionic
solvation “. PET was coated with 2-methacryloyloxyethyl phosphorylcholine (MPC) via a simple solvent
cast method by Hirota et al.3*. The coating showed significant reduction against both g(+) S. aureus, g(-)
P. aeruginosa and yeast Candida albicans (C. albicans). Although, the coating was effective against a broad
range of different pathogens, one could question whether a solvent cast method can be a sufficient way
to secure durable long-term binding of the coating to the substrate. Since MPC is very hydrophilic and
water soluble one could imagine a steady degradation of the surface over time. This method is also used
within coatings of ships, which slowly removes layers of paint along with any attached marine fouling®2.
An example of a covalently attached zwitterion was made by Yue et al.?8. Here, grafting of sulfobetaine
methacrylate (SBMA) was done via surface initiated atom transfer radical polymerization (SI-ATRP) from
polysulfone (PSf) membranes. Anchoring of the ATRP initiator was done through chloromethylation and
subsequent SI-ATRP of SBMA was conducted using Cu(l)Cl as catalyst and N,N,N’,N”,N”-Pentamethyl-
diethylenetriamine (PMDETA) as ligand under nitrogen atmosphere. The reaction times were varied with
the longest time being 150 min. Significant reduction in bovine serum albumin (BSA) and FBG was seen
for the modified membranes with the longest polymerization time of 150 min. showing the best results.
Hemocompatibility was also evaluated with respect to hemolysis of whole blood, platelet adhesion and
clotting time. The coating showed no apparent hemolysis with no adhesion of platelets and slightly
prolonged clotting times. In addition, improved cytocompatibility was also found for the grafted
membranes through a so called MTT assay. Human embryonic hepatocytes LO-2 cells were shown to be
able to proliferate over a six day incubation study. This indicated that the SBMA modified membranes had
both excellent antifouling capabilities as well as good cyto and hemocompatibility.

Keefe et al.*> have likewise used SI-ATRP to introduce a third kind of zwitterion, poly(carboxybetaine
methacrylate) (PCBMA), onto PDMS surfaces. An ATRP initiator made from trichlorosilane and 10-
undecen-1-yl 2-bromo-2-methylpropionate was attached via an initial treatment of the substrate followed
by vapor deposition of the ATRP initiator. Grafting of the CBMA monomer was done using a mixture of
Cu(l)Br/Cu(ll)Br, and 1,1,4,7,10,10-hexamethyltriethylene tetramine (HMTETA) in water under nitrogen
and polymerized for up to 48 h. Highest antifouling effect was seen for reaction times of around 18 h. and
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reduction in FBG and BSA adhesion was measured to be >98 and 100% respectively. A long term stability
study further found that the antifouling properties could be maintained after storage under wet
conditions for more than 74 days. This showed that the surface modification was able to overcome the
natural hydrophobic regeneration of PDMS, which occurs through the rearrangement of polymer chains®2.
Smith et al.*® investigated SBMA surface coatings on polyurethane (PU) venous catheters in an extensive
study. PU catheters were modified via a free radical polymerization (FRP) technique by first soaking them
in a tert-butylperoxy 2-ethylhexyl carbonate (TBEC) solution (initiator) for 2 h. The catheters were then
transferred to a monomer solution of SBMA and Fe(ll) gluconate and left for 16 h. The modified catheters
showed significant reduction of microbial attachment of g(+) Staphylococcus epidermidis (S. epidermidis),
g(+) Methicillin-resistant Staphylococcus aureus (MRSA), g(+) S. aureus, g(-) A. baumannii, g(-) E. coli and
C. albicans. This was also found to be the case for blood cells and proteins such as human platelets,
polymorphonuclear leukocytes, monocytes and lymphocytes. The catheters were further studied in vivo
using a canine model and had 99% reduced thrombus accumulation. A second study in rabbits gave 50%
less inflammation for modified catheters and a lower number of bacteria on site.

Good results was also shown for SBMA modified PDMS urinary catheters when exposed to the conditions
experienced in the urethra. Blanco et al.** functionalized PDMS using oxygen plasma to generate hydroxyl
groups for attachment of (3-Aminopropyl)-triethoxysilan (APTES). The obtained amine surface
functionality was then converted to phenolic groups via reaction with gallic acid. The polymerization of
SBMA was then conducted for 24 h. by an enzymatically activated FRP using laccase, which generates
radicals from phenolic hydroxyl groups. Protein adhesion was evaluated in artificial urine to represent salt
concentration and pH. A significant reduction in BSA was found for the modified catheters compared to
pristine. Likewise, testing of biofilm formation inhibition for g(+) S. aureus and g(-) P. aeruginosa was also
done in artificial urine, where a reduction of only 58 and 65% were seen respectively. A dynamic bladder
model was used to evaluate the authentic usage of the catheters and was exposed to the same pathogens
under flow conditions for 1 week. S. aureus biofilm was reduced by 90% at the balloon part and P.
aeruginosa had 80% less biofilm at the urethra part of the catheter. The tip of the catheters remained
more or less similar to that of the unmodified surface, which could be attributed to the more favorable
aerobic conditions at the liquid-air interface. Zwitterionic coatings could therefore be promising as part
of the solution in creating stronger antifouling coatings. However, most of the coatings are made using
ATRP, which require reaction times of several hours and for these to be industrially feasible, they should
at least be within minutes.

As a third solution, positively charged surfaces have emerged as a way to induce cell death without the
use of an actively released substance. Especially polymeric quaternary ammonium compounds have been
readily used in cleaning and as disinfectant in solution, but have also been tethered to surfaces to induce
contact active bactericidal properties. Different theories exists on the mechanism behind the
antimicrobial properties and some of these are illustrated in Figure 4.

10



Background

A Polymeric Spacer Effect

Phospholipid Peptidoglycan Polymer
Membrane Cell wall Substrate

B  Phospholipid Sponge Effect C lon Exchange Effect
Phospholipid Peptidoglycan Polymer - .
Membrane Cell wall Substrate :—;‘Af;onsqr:::s id Mg+ CP;;l::’dacl)lglycan :fjlgstmr:; e

Ca2+
@ Ma2+
7 o g
CaZ‘(' e e

Mg+ _W\
2+
c w
Mg2+
Ca2+

Figure 4 Proposed mechanism for the antimicrobial property of positively charged polymer coatings.

Gram positive bacteria have a phospholipid bilayer membrane and gram negative contains two (an outer
and an inner membrane) that possesses an overall negative net charge. It is in general believed that
attraction from positive charges on the polymers, provides electrostatic interactions with the cell
membrane resulting in cell lysis. The mode of action proposed for what is called the polymeric spacer
effect, is based on the cationic polymer having a long enough chain or spacer, which allows for penetration
of the peptidoglycan cell wall. The polymer integrates into the cell membrane and destabilizes it, causing
disruption and leakage of intracellular constituents®>° (Figure 4, A). Lewis and Klibanov°® showed that
the length of N-alkylated polyethyleneimine (PEIl) immobilized on glass, had significant impact on the
antimicrobial properties. They claim that the effect was due to the long chained cationic polymer being
able to reach beyond the peptidoglycan cell wall and into the phospholipid membrane. The evidence is
on the other hand not conclusive in the sense that other parameters, such as charge density and
amphiphilicity of the system, are also changed. They do also mention that other types of quaternary
ammonium, which have also been shown to have antimicrobial activity, cannot operate by this
mechanism due to their much shorter chain length. The reason for this might be that different
mechanisms applies depending on the polymer system.

A second theory explains the activity by the close proximity of positive charges, causing electrostatic
interactions strong enough to rip apart the negatively charged phospholipids from the cell membrane,
named the phospholipid sponge effect (Figure 4, B). Evidence of this effect was investigated by Gao et
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al.>” and was supported by showing, that higher void volume of surface-bound N,N-dodecyl methyl-co-
N,N- methylbenzophenone methyl quaternary polyethyleneimine (DMBQPEI), resulted in higher killing
efficiency due to having larger uptake capacity of phospholipids.

Another possible mode of action of surface tethered positively charged polymers, is the ion exchange
effect (Figure 4, C). The stability of the cell membrane depends on divalent cations, such as Ca** and Mg?*.
They are responsible for neutralizing the negatively charged phosphate groups and prevents them from
repelling each other, which would otherwise cause disruption. When bacteria come into close association
with positive charges the counter ions are displaced to raise the entropy of the system. The loss of these
ions results in the disintegration of the membrane and leakage of cell content>#>%%,

The activity of various surface tethered quaternary ammonium systems have been investigated in relation
to their potential as antimicrobial coatings on polymer surfaces. The following section will be reviewing a
minor selection of such surfaces, illustrated in Table 3, and accessing the applied tethering method as well
as antimicrobial activity. A more comprehensive list can be found in the literature survey enlisted in
Appendix 2.

Table 3 Contact active antimicrobial coatings on polymer substrates.

Polymer Structure Bactericidal effect Comments Ref.
substrate
Cotton ® g(+) S. aureus: 100%, B. Various alkyl lengths were 60
N—(CH2)15CH . L .
®@ (CH2)15CM3 cereus: 100%, .M. luteus: investigated.
— 100%. g(-) E. coli : 100%, E.

aerogenes: 100%, E. cloacae:
100%, P. vulgaris: 100%

Cellulose o g(+) B. subtilis: 52%. g(-) E. 61
Wn& Coli: 3.5 log
oo
éN Bre
/
. ~ ., . . 2
o O/\?T‘*(CHz)TCHs g(-) E. coli: 4 log Var|0L.Js aIky_I chain lengths 6
were investigated.
o o 8P
5
PP O g(-) E. Coli: 100% DMAEMA polymers with 63
higher MW proved more
OH

effective with same

O grafting density.
o]

g(+) S. aureus: 99.99. g(-) E. Longer ATRP time for 64

o)
o Br Coli: 99.2% DMAEMA increased
O y Bre . .
o antibacterial effect due to

0%\ @ ) .
Kgﬁ/\—l\(—(cHz)ﬂCHa higher concentration of
H positive charges. The
antibacterial activity was
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maintained over 4
repeated bacterial assays.

PET N = on g(-) E. coli: 100% Cellulose filter paper as 65
o{j—@é(‘:@””y 3 substrate  were  also
Br investigated.
PE | o g(+) Bacillus subtilis: 2.65.g(-) PS substrate was also 66
*OESi\/\@’L*(CHz)WCHa E. coli: 3.1 log, S. enterica: investigated.
e co! 3.03 log
m g(+) S. aureus: 99 +1%. g(-) E. PP, PET and Nylon surfaces 67
AN coli: 98 +2%. were also tested.
N ‘ J
Si/\/\N/\/\/’\é N@Br@
H, H ) (CH2)5CH3
PVC M g(+) S. aureus: 100%. g(-) E. Good hemocompatibility. 68
coli: inefficient. A vinylimidazole grafting
&a@ percentage of 20% or
\ higher vyielded the best
results.
HO o HOD WA g(+) S. aureus: 99.999%, B. 69

_ i 5 by
O STTINSTT TN ubtilis: 99.999%. gl-) P

aeruginosa:  99.999%, A.
S o1 O H baumannii: 99.956%

Membrane g(+) S. aureus: 100%. g(-) E. Low cytotoxicity. 70
N coli: 100%. Other derivatives of
O@R H O O imidazolium was also
Br \(pH)e evaluated.
N
£5e)
Hac(HC)7
PVDF g(+) S. aureus: 98.0% 71
g(-) E. coli: few colonies 72
remain
g(+) S. aureus: 99.999%. g(-) E.  Negligible cytotoxicity. 73
coli: 99.999% Resisted BSA adhesion by
93%.
PDMS g(+) S. aureus: 88%. Resisted adhesion of S. 74

aureus and BSA by 90 and
70.7% respectively.

(0]
\ 7\0 Low cytotoxicity and good
8”2 0-b-0 biocompatibility
heGrd JrEpNc v
3L-(CH2)s
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. s ph g(+) S. aureus: ~3.5. g(-) E. Low cytotoxicity. 75
ey e
. H NC y

nf 07 07 NH

®
HaC-(H,C)o
PU N g(+) MRSE: 3.7 log, S. aureus:  Good biocompatibility. 76
oj 100%. g(-) E. coli: >4 log
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OH o
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PVA *0\ ar c© g(+) Bacillus cereus: 100%, A.  Cellulose surface was also 77

fg;Sl ®/N\*(CH2)17CH3 acidoterrestris: 100%. g(-) E. investigated.

coli: ~5 fold reduction

PCL o m g(-) E. coli: 100% Non-cytotoxic. Was able 78

<§ g)% to eradicate E. coli within

oo/ 10 min.
NH NH

PHMB = (\HJKHJKH/\/\/\%
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Introduction of quaternary ammonium into PU blends was done by Wang et al.”® via a pre-synthesized
soft segment. The monomer was made from reaction between 3-((4-bromobutoxy)methyl)-3-
methyloxetane (BBOx) and 3-((2-(2-methoxyethoxy)ethoxy)methyl)-3-methyloxetane (ME20x), which
had also been made by Wang et al. The soft segment was then used to make the corresponding PU by
copolymerization with 4,4-methylenebis(cyclohexyl isocyanate) (HMDI), poly(tetramethylene oxide
(PTMO) and 1,4-budanediol. The bromine functionality was subsequently N-alkylated by N,N-dimethyl
dodecylamine to produce quaternary ammonium with a 12 carbon chain length. Finally a polymer blend
of a commercial Tecoflex PU and the antimicrobial PU was made by solvent casting. The polymer
effectively killed g(+) methicilin resistant S. epidermidis (MRSE), g(+) S. aureus and g(-) E. coli and reduced
the bacterial count by 3.7 log, 100% and 4 log respectively. No cell death or morphological changes were
observed for human mesenchymal stem cells (MSC), indicating good biocompatibility.

Poverenov et al.”” provided a more simple method for obtaining surface bound quaternary ammonium
via exploitation of hydroxyl groups in polyvinylalcohol (PVA) substrates. Trimethoxysilylpropyl
octadecyldimethyl ammonium chloride was used in a one-step procedure to functionalize the surface with
quaternary ammonium. The modified PVA was shown to be highly effective against g(+) Bacillus cereus
and g(+) Alicyclobacillus acidoterrestris (A. acidoterrestris) and killed 100% of the bacteria within just 1 h.
exposure. It was, however, less effective against g(-) E. coli where a 5 fold reduction was seen.

The same compound was also used to functionalize PE substrate by Fadida et al.%®. Surface activation was
first done by air-ozonolysis to generate carboxylic acid groups. These were then reduced to hydroxyl by
sodium borohydride to allow reaction with trimethoxysilylpropyl octadecyldimethyl ammonium chloride.
Here a reduction of 2.65 and 3.03 log for g(+) Bacillus subtilis and g(-) Salmonella enterica (S. enterica)
were seen, respectively. The modified PE surface also proved to be effective against g(-) E. coli, which
were reduced by 3.1 log. This was substantially higher than for that of PVA and suggests that the type of
substrate and/or modification method can significantly influence the outcome for the resulting
antimicrobial activity.
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Huang et al.%® functionalized polypropylene (PP) substrates with 2-(dimethylamino)ethyl methacrylate
(DMAEMA) brushes via SI-ATRP. A benzophenone derivatized with an ATRP initiator was used to
covalently bind the initiator via UV-initiation. ATRP of DMAEMA was then conducted using a mixture of
Cu(l)Cl/Cu(I)Cl and HMTETA at 25 °C and the length of the brush was varied by termination at different
reaction times. Subsequent quaternization of the side-chain amine was then done by the use of ethyl
bromide. The various lengths of DMAEMA were shown to have different antimicrobial activity. MW of
9.800, 21.300 and 35.100 g/mol killed essentially all g(-) E. coli but chains of 1.500 g/mol only killed 85%.
A threshold for the charge density could be estimated from the MW of the polymer and grafting density
on the substrate. It was found that complete kill was achieved above 14 quaternary ammonium units/nm?.
A threshold for positive charge density in relation to contact active antimicrobial surfaces have been
discussed on several occasions and is an important parameter to consider to achieve potent bactericidal
effect’s8L,
Yao et al.®* modified PP membranes by SI-ATRP to make block copolymers of poly(ethylene glycol) methyl
ether methacrylate (M, = 360 g/mol) (MPEGMA 360) and DMAEMA, which elicited simultaneous
bactericidal and repellent properties. An ATRP initiator was likewise attached to the surface, but this time
via first ozone treatment to create carboxylic acid groups, which then was reduced by sodium iodide to
hydroxyl groups. The OH functionality then allowed for anchoring of 2-bromoisobutyryl bromide initiator.
Initially, MPEGMA 360 was grafted using Cu(l)Br/Cu(ll)Br, and PMDETA in tetrahydrofuran (THF) for 2 h.
at 45 °C. Chain extension by DMAEMA was then done in a similar fashion with reaction times between 2-
6 h. and subsequently quaternized using 1-bromodecane. The longer DMAEMA brushes at 6 h.
polymerization time showed the best antimicrobial activity against both g(+) S. aureus and g(-) E. coli
reducing bacterial count by 99.99% and 99.2% respectively. The same level of activity was even
maintained after four repeated cycles of bacterial exposure. From scanning electron microscopy (SEM)
images the adhesion of bacteria on the surface was also proven to be minimal. From this, the
implementation of quaternary ammonium into a hydrophilic urinary catheter coatings could potentially
be used directly in the prevention of UTI.

As high charge density is critical for the antimicrobial effect a way to increase this is by the use of divalent
cationic molecules. Abelet al.®® modified cotton textiles with 1,4-diazabicyclo[2.2.2]octane (DABCO) by
activating the 6-postion of the carbohydrate structure through tosylation with p-toluenesulfonyl chloride.
The second tertiary amine of the attached DABCO was then used to gain a second positive charge by
alkylation. Various alkyl chain lengths as well as DABCO end-capped alkylation agents were investigated.
It was found that an alkyl chain length of C16 was able to kill all of g(+) S. aureus, g(+) Bacillus cereus (B.
cereus), g(+) Micrococcus luteus (M. luteus), g(-) E. coli, g(-) Enterobacter aerogenes (E. aerogenes), g(-)
Enterobacter cloacae (E. cloacae) and g(-) Proteus vulgaris (P. vulgaris). A surprising finding was that the
highest effect did not originate from the surface with the potentially highest charge density. Rather than
that, the amphiphilicity and correct alkyl chain length played a vital role in the antimicrobial effect to
create proper interaction with the bacterial cells.

Another type of quaternary ammonium was investigated by Meléndez-Ortiz et al.®8, who grafted 1-
vinylimidazole (V1) onto polyvinylchloride (PVC) via a fast and simple one step FRP procedure using *°Co-
gamma irradiation. Quaternization of the 3 position of VI was then done using iodomethane. The modified
polymer substrates killed 100% of g(+) S. aureus but was ineffective against E. coli.

In a separate study by Zheng et al.”®, various quaternized VI monomers were copolymerized with
acrylonitrile, styrene and divinylbenzene to form polymeric membranes. The pre-synthesized monomer
was both made as a monovalent cation with alkyl chain length of C4, C8 or C12 or as a divalent cation as
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bis-imidazolium with a 6 carbon spacer between the two imidazole groups. Membranes synthesized with
bis-imidazolium and having a C8 quaternization at the second imidazole group was able to clear all g(+) S.
aureus and g(-) E. coli, again showing the importance of charge density and amphiphilicity. The membrane
also showed good biocompatibility against human dermal fibroblast cells as well as low hemolytic activity
towards human red blood cells.

A last example of positively charged polymers, is polyhexamethylene biguanide (PHMB), which have also
been used as an effective disinfectant and antiseptic. Tang et al.”® used a layer-by-layer (LbL) technique to
create alternating layers of PHMB and poly(acrylic acid) (PAA) onto polycaprolactone (PCL). PCL was first
hydrolyzed by sodium hydroxide to introduce carboxylic acid functionalities. Thereafter layers of first
PHMB and subsequently PAA was dip coated onto the surface and finished with a final layer of PHMB.
Different numbers of (PHMB/PAA),/PHMB layers were investigated for n being either 0, 1, 3, 5 or 7. The
antimicrobial effect was evaluated against g(-) E. coli and with just 3 layers, the surface was shown to
completely eradicate the pathogen and within just 10 min. of contact for 7 layered coatings. The binding
of the layers relies on electrostatic interaction of the oppositely charged surface and such relatively weak
association could possibly cause leakage of the active PHMB. To prove the stability of the coating,
modified substrates was submerged in PBS buffer for 24 h. and trails of released compounds was analyzed
by UV-vis spectroscopy. Absorption peaks from PHMB was almost undetectable and concentrations were
as low as 0.0005% (w/v). The modified PCL was also shown to have good biocompatibility and allowed
proliferation of rat dermal fibroblast cells.

A related polymer of PHMB is poly(hexamethylenediamine guanidinium chloride) (PHMG) and was
covalently attached to PVC urinary catheters by Villanueva et al.®. The chloride functionalities of PVC was
utilized for thiol substitution with mercaptopropyltrimethoxysilane (MPTMS). Amine groups were then
introduced by reaction with APTES, which was converted to aldehyde by reaction with glutaraldehyde and
finally, PHMG was attached by reaction with the aldehyde groups. The functionalized surface showed
excellent antimicrobial activity towards g(+) S. aureus, g(+) B. subtilis, g(-) P. aeruginosa and g(-) A.
baumannii and reduced bacterial count by 4.9, 5.4, 6.4 and 3.7 log respectively. In addition, the coating
also proved to reduce bacterial attachment as well as being able to maintain its activity for at least 60
days.

In summary, release based antimicrobial coatings, despite their high efficacy, are prone to lead to
antimicrobial-resistance in bacteria when used repeatedly and are also considered a pollutant for the
environment. As such, these types of systems are not a long term viable strategy to apply in urinary
catheter coatings to combat CAUTI. Repellent coatings are efficient in avoiding fouling and have in general
good biocompatibility and low cytotoxicity. Their effect alone may, however, not be sufficient since
variations of these coatings are already used as smooth coatings for catheters and the risk of contracting
CAUTI is still prominent. Contact active systems based on quaternary ammonium have been shown to
elicit antimicrobial activity against a broad range of bacteria and their non-leaching ability avoids the risk
of developing resistance in pathogens. Effective coatings does, on the other hand, depend on the setting
that they are used in. Optimal charge density, mobility and amphiphilicity must be optimized for each
unique application to obtain the best possible effect. Feasibility with respect to processing times of the
coatings should also be considered, in order to be industrially applicable. A coating containing a
combination of both repellent and antimicrobial contact active properties from quaternary ammonium
can perhaps be a feasibly way to gain optimal protection against pathogens from CAUTI. In general,
information from in vivo experiments are lacking for most of the investigated systems, which would be
required to evaluate their true potential as antimicrobial coatings.
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3. Screening Platform for Modification of Polymer Surfaces

Based on the previous chapter, various techniques and compounds have been identified to obtain non-
leaching antimicrobial surface properties. However, foreseeing the precise outcome when conducting
surface modifications is difficult, if not impossible, even through a rational design approach. Especially,
when trying to predict complex biological interactions of bacteria with the surrounding environment that
may have many known and unknown factors with potential major influence. Finding the best antimicrobial
candidates inevitably requires investigations of an almost endless number of structural and chemical
combinations. Applying these to catheters or larger substrates by regular trial and error methods is
tedious and time consuming. A way to overcome this, is by using high throughput screening platforms to
fast and reliably explore large libraries of different surface chemistries for suitable candidates. Much
research have focused on automated picoliter scale synthesis of polymer libraries conducted on standard
microscope glass slides®. Through this approach, only little material is needed to make hundreds of
formulations that all can be run simultaneously on a single slide. The disadvantage of this method is that
such small volumes exclusively run in bulk. This only permits investigations of different ratios of monomers
and not the effect of e.g. solvent or concentration. Furthermore, the base substrate is glass, which is a
non-ideal representation of the final application, which can have significant impact on e.g. biological
studies, as discussed in Chapter 2. In this chapter, the possibility of developing a screening platform able
to conduct surface modifications under normal atmosphere directly onto a flexible PU substrate for
combinatorial investigations of both homo and copolymer systems was investigated (see Figure 5). To
further enable testing of solvents and monomer concentrations, the design had to comprise chemical and
heat resistant parts and with reaction vessel dimensions of at least microliter volume. This resulted in a
publication in ACS Applied Polymer Materials®®, which can be found in Appendix 1.1.

Screening platform

®
O oo Je UV-light, ambient conditons

CF:.OO. "fﬂ.
[ ]

Monomers Polyurethane

Figure 5 Illustration of grafting of amphiphilic terpolymer systems and their application as antifouling surface modifications.
3.1. Screening platform
To enable testing of different polymerization conditions, an inert holder that would allow parallelization

of experiments in separate vessels, was required. As an additional restraint, the intended platform was
required to be able to handle a broad range of solvents as well as to be suitable for semicrystalline plastics
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such as polyurethanes with melting points above 150 °C. The design of the platform was based on a
standard 96 well microtiter plate and was divided into three separate parts as can be seen in Figure 6.

o :(_i E::!g ) . .
- g | ¢ o Side View i
= et | : ; = g

(a) Teflon coated
aluminum plate m——

(b) Polymer substrate

Bottom view

(c) Stainless steel plate

Figure 6 Schematic representation of screening platform (left) and bottom view of well plate, showing milled edges around the
wells (right), where (a) is the well plate, (b) is the polymer substrate and (c) is a supporting stainless steel plate.

The top plate (a) were made from aluminum and comprises 96 wells with an inner diameter of 6.1 mm
and a height of 7.0 mm giving a well volume of approximately 200 pl. The well size in this platform permits
microliter scale experiments, opening the possibility to investigate the influence of solvents as well as
monomer concentrations. A Teflon coating was applied to plate (a) to provide a non-stick surface, allowing
it to be detached after polymerization without compromising the grafted surface and to access the
samples for analysis. The coating also makes for an easy-to-clean surface, permitting it to be re-used after
each experiment. When assembling the setup, the polymer substrate (b) was placed in-between plate (a)
and the steel support (c) and held together by screws. Having the polymer as a separate part makes
switching between substrates a simple process within one platform, making it possible to test the same
conditions on various materials. The only requirement being that the substrate can be made into a film or
sheet. To prevent leakage and potential mixing of contents, a tight seal between polymer and plate (a)
was secured with a thin metal rim around each well on the bottom side of plate (a) (see Figure 6, right).
During the thermal treatment, the setup is heated to 160 °C, just below the melting point of the polymer,
which in this case is a PU (T = 166 °C). This softens the substrate and in combination with pressure from
the screws, allows the metal rims to submerge into the polymer film, effectively sealing off each chamber.
The high temperature treatment additionally also straightened out any unevenness in the film resulting
from processing and ensured a good adhesion of the polymer film to the stainless steel support. Such
unevenness in film thickness commonly results from release of internal stress after processing, which is
critical to remove to ensure an efficient sealing across the entire surface. Therefore, the heat treatment
was important with respect to both sealing the system and to obtain a flat homogeneous surface.

3.2. Activation of and Grafting onto Polyurethane
Most polymer surfaces are inert by nature and require activation through implementation of functional
groups or initiating species to facilitate modification by polymerization. This can be done through a
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stepwise activation and subsequent polymerization as is commonly done by use of controlled radical
methods, such as surface initiated atom transfer radical polymerization®%, which provides high control
for modification of surfaces®”%. Such processes typically requires inert conditions, which is not always
possible in an industrial setting. In this case, we have evaluated the use of direct grafting using photo
initiators under ambient conditions using the screening platform. Such systems have been applied for
modification of polymer surfaces®®®l. Some monomers are more tolerant to oxygen during
polymerization, and identification of such systems would be of significant industrial interest for coating
applications of thin surface coatings. Therefore, the polymer surface was activated for polymerization by
embedding a photoinitiator, Irgacure 2959, into the polymer surface by solution casting, as shown in

Figure 7.
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Figure 7 Schematic representation of embedding of photo initiator into polymer substrate followed by grafting of monomer
through UV-activation. The illustrated surface modifications are 1) 2,2,2-trifluoroethyl methacrylate (TrFEMA), 2) N-isopropyl
acrylamide (NIPAAm), 3) Diethylene glycol methyl ether methacrylate-co-poly(ethylene glycol) methyl ether methacrylate,
M,=500 (MDEGMA-co-MPEGMA 500), 4) Acrylic acid (AA), 5) MAA-co-MPEGMA 500-co-TrFEMA.

The initiator was dissolved in a mixture of THF/MeOH (1:4, v:v), where THF serves the purpose of slightly
dissolving the PU substrate, while MeOH swells it. Due to this combination of solvents, solution casting of
the photoinitiator solution onto the PU surface, results in embedment of the photo initiator into the outer
layers of the surface. Subsequently, it can be functionalized through photoinitiated free radical
polymerization with various monomer solutions. By exposing the entire system to UV-light, grafting of
monomers from and into the polymer surface takes place, resulting in formation of thin layers of surface
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grafted polymers as illustrated in Figure 7. Through this method, the formation of radicals are mainly
occurring in close proximity to the surface of the substrate. This therefore limits the formation of non-
grafted homopolymer compared to having the initiator added as a reagent in solution. This was also
confirmed by analysis of the polymerization solutions after grafting, which contained no detectable
amounts of free polymer (by SEC and NMR). After completed surface grafting, the detachable top plate
(a) can be removed, enabling the surface to be analyzed by various classical analytical tools for surface
analysis, such as WCA measurements, XPS as well as fluorescence intensity spectroscopy and UV-Vis
spectroscopy. Since the top-plate is only mechanically bonded, it is possible to disassemble the structure
without risking polluting the surface with polymer fragments originating from adhesives or other types of
sealants, as is commonly used in other applications.

Toinvestigate the possibilities of grafting commonly used acrylic and methacrylic monomers onto surfaces
under ambient conditions, a range of different monomers were attempted grafted to the PU surface using
UV initiated free radical polymerization. Initially, acrylic acid (AA) was grafted to the PU using a series of
AA feed concentrations in an attempt to create a hydrophilic surface by introduction of carboxylic acid
functionalities. Investigations of the effect of feed concentration with respect to hydrophilicity and
elemental surface composition were done through WCA and XPS analysis, which can be seen in Figure 8
A and D, respectively. The WCAs obtained for the grafted surfaces ranged between 89-40°, which is
substantially lower than that of the pristine polyurethane surface (104°). The lowest WCA of 40° was
observed at 1.31 M, reflecting a clear shift from a hydrophobic to a hydrophilic surface, and at the same
time illustrating the importance of testing different concentrations of monomers for surface grafting
reactions. The grafting was further confirmed by XPS (Figure 8 D), showing higher oxygen content and no
nitrogen atoms in the surface, corresponding to the structure of a surface grafted layer of poly(AA). This
was further corroborated by FT-IR measurements of the grafted polymers (Appendix 1.2, Figure S2). The
presence of surface grafted AA was confirmed by a broad OH stretch for all samples (2300-3600 cm-1), as
well as a characteristic change to the carbonyl stretch resulting from the carbonyl in AA (1700 cm-1). In
addition, also the effect of increasing the AA concentration in the feed, was reflected in an increasing
strength of the bands assigned to the poly(AA). WCA measurements (Figure 8 A) also showed a trend of
decreasing contact angle with increasing monomer concentration, suggesting a higher degree of
polymerization at higher monomer concentrations (as expected). ANOVA analysis revealed significant
differences not only between the pristine and modified surface but also between individual monomer
concentrations, which distribute into three separate groups. Concentrations from 0.19 to 0.56 M group
together in category A along with the pristine surface, showing that these concentrations only led to a
minor change in surface hydrophilicity. Experiments conducted at concentrations of 0.75 M to 0.91 M,
showed some impact on the WCA and were grouped together in the intermediate category BC. At high
concentrations of 1.31, 1.69 and 2.06 M a clear impact of grafting was observed by significantly reduced
contact angles, and these group together in group E, CDE and DE respectively.

Coatings containing poly(ethylene glycol) (PEG) have been of great interest in the field of biomedical
devices both due to their ability to create low friction surfaces but also their biocompatibility and being
FDA approved*°. Through parallelization in the screening platform, copolymers of diethylene glycol methyl
ether methacrylate (MDEGMA) and poly(ethylene glycol) methyl ether methacrylate (MPEGMA 500) were
therefore prepared at various feed ratios of the two monomers. The relation between feed composition
and WCA was investigated along with XPS analysis as shown in Figure 8 B and E, respectively. A decrease
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in WCA was observed as MDEGMA was replaced with increasing amounts of MPEGMA 500 throughout
the series. This was expected due to the longer PEG side chain in MPEGMA, resulting in a more hydrophilic
monomer. However, only a minor decrease in contact angle from 104° for the pristine surface to 101° at
100 mol% MDEGMA was seen, which reduced to 66° for the 6.25/93.75 mol% MDEGMA/MPEGMA
copolymer. In general, one would expect a much lower contact angle for these hydrophilic monomers.
Similarly, the XPS data (see Figure 8 E) only showed a minor increase in oxygen, while the nitrogen peak
from the PU substrate was still visible. In combination, this indicates that only a very thin coating of the
hydrophilic monomers was formed on the PU. This was also corroborated in the FT-IR data (Appendix 1.2,
Figure S4), where no significant differences were observed, though the similarity in composition of the
monomers and the PU substrate makes small differences difficult to confirm. The statistical analysis of the
WCAs, showing that no significant difference can be found between the pristine and modified surfaces,
which all belongs within group A with the exception of 6.25 mol% MDEGMA, even though a general trend
of decreasing WCA was observed across the series. Grafting under ambient conditions can therefore only
be concluded to result in a very thin layer of poly(MPEGMA) or poly(MDEGMA), though this is sufficient
to change the immediate surface chemistry (WCA measurements).
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Figure 8 WCA and XPS data of PU surface modified with AA (A and D), MDEGMA-co-MPEGMA 500 (B and E) and TrFEMA (C and
F) respectively.

Conversely, hydrophobic surfaces can be prepared through grafting of fluoride containing monomers. As
an example of a fluorinated monomer, 2,2,2-trifluoroethyl methacrylate (TrFEMA) was grafted at various
monomer feed concentrations to create a low energy surface. The WCA and the atomic fluor composition
of the surface were measured and the results can be seen in Figure 8 C and F, respectively. The contact
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angle increased with increasing monomer concentration from 109° at 0.38 M to 116° at 3 M. The pristine
surface was assigned by ANOVA analysis to group F, which does not appear at any of the data points
obtained, indicating that all modified surfaces were significantly different from the pristine surface. Even
at low concentration of 0.38 M, the contact angle was significantly different to that of the pristine surface.
The trend shown for the WCA measurements, indicates an increasing hydrophobicity of the surface, which
would be expected to correlate with an increasing fluorine content. However, XPS analyses of the surfaces
showed that this was not the case (Figure 8 F). Fluorine is seen for most of the samples, though the
concentration does not appear to follow a trend. Optical microscopy images of the samples (Figure 9)
reveal that this is due to an uneven coverage of polymer on the surface. The grafting conducted on the
surface was incomplete and formed aggregates, which are seen as black dots in Figure 9.

om 0.75M 225M 3.00M

Figure 9 Microscopy images of TrFEMA modified PU at monomer feed concentrations of 0, 0.75, 2.25 and 3.00 M.

The aggregates increases in size and become more dominant with increasing monomer concentration,
explaining the increase in WCAs. Analyzing the surfaces by FT-IR only showed insignificant changes in the
spectra with increasing concentration, reflecting the incomplete reaction of the monomer. In conclusion,
the fluorine monomer cannot be grafted in a homogeneous layer under ambient conditions even though
the polymerization does results in a minor increase in the WCA.

A similarly often used monomer is N-isopropylacryl amide (NIPAAm), which, in addition to changing
hydrophilicity upon thermal stimuli in solution, have been shown to have great potential for controlled
drug delivery systems and nanofiltration membranes®*3. The polymer in solution have a lower critical
solution temperature (LCST) of 31-33°C, resulting in hydrophobic properties above this point and
hydrophilic properties below. The transition is caused by a rearrangement of the polymer chains starting
as a linear conformation at low temperature, where amide groups are able to form hydrogen bonds to
water. Increasing the temperature creates inter and intramolecular hydrogen bonds, forcing the polymer
into a coiled structure, leaving only the hydrophobic backbone exposed. Grafting of the monomer was
similarly conducted in a series of monomer feed concentrations with subsequent WCA and XPS analysis
as presented in Figure 10 A and B respectively. To show that the thermoresponsive properties can be
transferred to the polymer surface, the WCA of the NIPAAm modified PU was also measured both above
and below the LCST (see Figure 10 C).
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Figure 10 WCA of NIPAAm modified PU at various monomer feed concentration (A), XPS data (B) and WCA at various
temperatures (C).

NIPAAmM concentrations were varied within the range of 0 - 2.06 M in the feed and from this experiment,
an important limitation concerning monomer concentration was observed. When the NIPAAmM
concentration was increased above 1 M, crosslinking occurred, resulting in large gel formations on the
surface (see Appendix 1.2, Figure S1). The gels did not adhere well to the substrate and had poor
mechanical stability. This demonstrates that the monomer concentration is an important parameter to
consider and has great influence for the outcome of the polymer coating. Due to this crosslinking at high
monomer concentrations, the XPS analysis was therefore carried out at 0.56 M, below the gel point. From
Figure 10 B, the ratio between oxygen and carbon (O/C) and nitrogen and carbon (N/C) can be calculated
to 0.15 and 0.12 respectively. This corresponds to that of NIPAAm, which have an O/C and N/C ratio of
0.14. This was also corroborated by FT-IR (Appendix 1.2, Figure S5), where a clear NH stretch (3300 cm-
1) was seen for all concentrations below the gelation point. The thermoresponsive properties were
observed by WCA measurements for one of the surfaces (NIPAAm, 0.56 M). At high temperature (60°C),
the modified surface showed a WCA of 59°, which was reduced to only 22° at 10°C (Figure 10 C). This
clearly show that the surface is thermoresponsive, though the transition appear at lower temperatures,
compared to the typically observed LCST for NIPAAm. LCSTs have been seen to vary according to
molecular weight and structure of the polymer, and it is hypothesized that this may be the reason for the
observed deviation.

Overall, it can be concluded that some monomers (AA, NIPAAm) effectively can be grafted in
homopolymerization to the PU surface under ambient conditions, while others are less efficient
(MPEGMA, MDEGMA and TrFEMA).

3.3.Antifouling Amphiphilic Surface
Screening platforms are ideal for creating large libraries of complex systems in combination with
parallelized analysis. To illustrate the possibility to do combinatorial studies, three monomers were tested
as surface coating, methacrylic acid (MAA), TrFEMA and MPEGMA 500. The selection was based on the
fact that polymer coatings comprising both hydrophobic and hydrophilic segments have proven to be
effective in preventing fouling from e.g. marine life®* . The intention of this study was therefore to
investigate the optimal formulation to prevent fouling against a fluorescein labeled bovine serum albumin
protein (BSA). For each monomer, stock solutions of 1 M concentration in EtOH were made and the ratio
of monomers were systematically varied throughout three sets of terpolymer systems named A, B and C
(see Figure 11 A, B and C). The sets all contained different base levels of MPEGMA 500 at 12.5, 25.0 and
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37.5 mol% for A, B and C respectively. Tuning the hydrophobicity was done by adding MAA and TrFEMA
in various ratios to give nine formulations for each set, providing a total of 27 formulations. The obtained
WCA and fluor content from XPS of each formulation for A, B and C can be viewed in Figure 11, D-F and
G-, respectively.
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Figure 11 Composition of terpolymer set A, B and C, black: MPEGMA 500, grey: MAA and white: TrFEMA (A, B and C) and their
respective WCA (D, E and F) and XPS data on fluor content (G, H, I).

The outcome of the WCA of terpolymer set A and B was heavily influenced by the presence of hydrophobic
TrFEMA, even at small feed concentrations (see Figure 11 D and E). The contact angle of the samples
barely deviated from that of the pristine surface, which was also seen from the ANOVA analysis. This was
an unexpected result, considering that both MAA and MPEGMA 500 are both hydrophilic and present in
high concentrations and a lower contact angle should be observed. A minor exception to this was the
samples at 0 and 6.25 mol% TrFEMA in Figure 11 E, which obtained a WCA of 85 and 90° respectively. The
ANOVA analysis shows that the contact angles are significantly different to that of the pristine surface,
but quickly rises to above 100° at 12.5 mol% TrFEMA (see Figure 11 E).

For terpolymer C, however, the higher MPEGMA 500 content of 37.5 mol% was enough to counteract the
hydrophobic effects of TrFEMA, resulting in a substantial drop in WCA (see Figure 11 F). The high content
of MPEGMA 500 additionally increased the observed hysteresis of the systems illustrating the
amphiphilicity of the surface. Therefore, no significant difference between the modified and the pristine
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surface was found from the ANOVA analysis, with the exception at 6.25 and 12.5 mol% TrFEMA (see Figure
11 F).

Figure 11 G, H and |, illustrates the level of fluor in each sample for terpolymer set A, B and C, respectively.
A linear trend with a steady increase in fluor with respect to increasing mol% of TrFEMA was expected for
all terpolymer systems, but only terpolymer C showed this trend clearly. In Figure 11 G, the fluor content
is very low and the grafting appears to be sporadic, whereas for Figure 11 H, a trend was initially seen but
with the last two samples slightly decreasing. Terpolymer set C obtained a gradual increase in fluor with
a maximum of 7.1 atom%. This is attributed to TrFEMA copolymerizing better with MPEGMA 500 than
MAA. Between the three sets of surfaces, a higher content of fluor is therefore seen for higher contents
of MPEGMA 500.

To test the antifouling properties, the modified surfaces were exposed to a 0.04 mg/ml fluorescein labeled
BSA protein phosphate-buffer saline (PBS) solution. The mean value of the resulting intensity for
terpolymer set A, B and C can be seen in Figure 12 A, B and C respectively.
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Figure 12 Fluorescence intensity of adsorbed fluorescein labeled BSA of terpolymer set A, B and C (A, B and C respectively) after
2 h. exposure to a 0.04 mg/ml PBS solution.

Comparing the analytical data and the obtained antifouling study showed that copolymers purely of
MPEGMA 500 and TrFEMA gave in general the best fouling resistance for all terpolymer systems. The
lower the feed concentration of MAA was, the better the fouling resistance became. An intuitive
explanation would be that MAA was able to create either hydrogen bonds or electrostatic interaction with
the protein through carboxylic acid groups (COO-/COOH). Thereby, even small contents of MAA would
create binding sites for the protein to adhere.

3.4.Concluding remarks
The objective for this chapter was to develop a platform capable of screening PU surface modifications.
In conclusion, the metal based platform was able to withstand both harsh solvents and elevated
temperature, which enabled proper fitting of the PU substrate. The subsequent embedding of a UV
initiator into the PU surface, proved as a simple and effective method to conduct FRP of various acrylate
and methacrylate monomers, both as homo and copolymer systems. Surface modification through the
introduction of both hydrophilic, hydrophobic and amphiphilic polymer systems, could be analyzed via
classical characterization and analysis methods such as WCA, FT-IR and XPS. Investigations of reaction
conditions with respect to monomer concentration, oxygen tolerance under ambient conditions as well
as combinations of monomers were possible. Here it was shown that concentrations of NIPAAm above
1 M resulted in heavy crosslinking and that homopolymerization of TrFEMA was not able to form a
homogenous layers. It was, however, possible to incorporate the fluor-containing monomer through
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copolymerization with MAA and MPEGMA 500. These results provide valuable information in identifying
suitable monomers for surface modification. Furthermore, evaluation of antifouling properties could be
conducted using fluorescent labeled BSA using UV-vis spectroscopy. The platform thereby presents the
opportunity to screen polymer surface modifications, bio-interactions and conditions through the use of
an industrially relevant process.
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4. Screening of Antimicrobial Activity of PU Substrates

In literature, many examples of surfaces containing quaternary ammonium groups have been shown to
destabilize the membrane integrity of bacterial cells. Based on this, the screening platform described
above were used to create various surface modifications having quaternary amine functionalities on PU
(see Figure 13). Evaluation of the antimicrobial activity of the synthesized polymer surface modifications,
were conducted in close collaboration with biologists and test facilities at Coloplast A/S. High antimicrobial
activity of the modified surface against relevant pathogens is of paramount importance in order to be able
to prevent or reduce the formation of UTIs. The mode of action for contact killing surfaces is not a standard
way of introducing bactericidal properties and therefore no standard test method currently exists. Careful
selection of test must therefore be made in order to reassure scientifically appropriate results. This
chapter discusses the data from the bacteriological studies and serves the purpose of establishing a
correct methodology for bacteriological screening. Investigation of a wide range of biological test methods
with each having their individual strengths and drawbacks were considered.
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Figure 13 Illustration of screening platform used for grafting of VI onto PU and subsequent quaternization to create antimicrobial
polymer surface modifications.

4.1.Spot Assay

A couple of promising candidates were selected based on Chapter 2 and 1-vinylimidazole was chosen for
initial investigations of the antimicrobial potential of quaternized ammonium compounds. Relatively few
papers existed at the time on the antibacterial properties of quaternized VI but had shown promising
results. Therefore, VI presented itself as a window of opportunity for further exploration.

VI was grafted onto a PU substrate using the screening platform and procedure described in Chapter 3.
The grafted polymer was subsequently quaternized with a series of alkylation agents with increasing
carbon chain length ranging from C1 to C18. This particular study was supplemented with part of Thea
Louise Hansen’s bachelor project “Preparation of antibacterial polymer surfaces”, which was co-
supervised by Christian Andersen in connection with this PhD.

Choice of test method should be considered with respect to both the type of material and antimicrobial
mechanism used in the system. Some tests are specifically tailored for textiles, while others are made for
porous or non-porous surfaces and evaluates activity based on repellency, bactericidal and/or
bacteriostatic effect. Bacteriological testing is often the bottle neck in the process due to being time-
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consuming, since visualization of antimicrobial effect is predominantly based on bacterial growth in either
liguid medium or on agar plates, which usually requires at least 24 h. Therefore, choosing the correct
method to apply for a specific system is critical in order to obtain the right information and avoid false
positives or negatives. As a first option, the spot method offered a cheap, fast and easy method of
screening for antimicrobial activity. The principle of the test is simple and does not require any specialized
equipment to carry out. An illustration of the procedure can be seen in Figure 14.

96-Pinner

LLi

Deposition
of bacterial
YTy solution

No bacterial growth

Polymer
substrate

Steel support Agar plate

Figure 14 Schematic representation of the spot assay. A bacterial solution is deposited onto modified sample spots on the polymer
substrate and incubated for a preset amount of time. Thereafter, bacteria is sampled using the piston and imprints with attached
bacteria is transferred onto an agar plate. The plate is then incubated at 37 °C for 24 hours and the level of growth of the bacteria
is then determined.

A bacterial solution is placed on top of the modified surface areas, which can be done both with and
without the well plate attached depending on the volume of the applied solution. After a certain contact
time, samples from each well area are collected by the use of a 96-pinner. The end of the rods from the
pinner is put into contact with the substrate and is immediately transferred and imprinted onto an agar
plate used for cultivation of bacteria. Viable bacteria is then visualized by incubating the plate overnight
allowing the bacteria to grow colonies on the agar. The results are only semi-quantifiable meaning that
the extent of bacterial growth can be roughly correlated to the number of surviving bacteria, but was in
this context mainly meant to assess complete kill or no killing of bacteria. Using the spot assay, the surface
modifications were exposed to a urinary tract E. coli#84 strain with a concentration of 7.7 x 10° colony
forming units (CFU)/ml and was sampled at 0, 3, 5 and 24 h. and the results can be viewed in Figure 15.
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Figure 15 Spot assay of quaternized VI modified PU exposed to E. coli#84 at 7.7 x 103 CFU/ml for 0, 3, 5 and 24 h. Positive controls
were made by addition of a amphenicol B (Amp B) (250 pg/ml) solution.

Large visible colonies were present in all of the modified well areas at both 0, 3 and 5 h. exposure time.
However, at 24 h. the size of the colonies declined but no significant differences between samples and
negative controls were seen. A possible explanation for this might be due to poor contact between the
surface and bacteria. If the bacterial solution is not properly absorbed into the coating, bacteria residing
above the surface-liquid interface remain untouched by the grafted quaternary ammonium, thus resulting
in a false negative. The contact active mechanism is therefore inefficient at dealing with bacteria that do
not come into close contact. The spot assay method has, in this case, a serious limitation when
investigating contact active antimicrobial surfaces and requires the surface to be hydrophilic enough to
absorb the administered bacterial solution. This limits the scope with respect to the grafted chemical
structure and composition and is ideally best suited for hydrogels.

In an effort to work around this limitation, a second study using combinations of quaternized DMAEMA
and MPEGMA 500 (Mn = 500 g/mol) to make hydrophilic networks were made. This type of surface
modification is also relevant for catheter application, since a water absorbent surface is important for
providing low friction to ease insertion. DMAEMA was chosen instead of VI, since the antibacterial
properties for this compound had been reported at several occasions in the literature and would
therefore, be better suited as a model compound. The DMAEMA was grafted onto PU substrates as both
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homopolymer and as a DMAEMA-co-MPEGMA 500 copolymer in a 3:1 mol:mol ratio respectively.
Quaternization of DMAEMA was carried out using 1-bromobutane (C4), 1-bromooctane (C8) and 1-
bromohexadecane (C16) and were exposed to a 6.4 x 10®° CFU/ml E. coli#84 solution. Samples were
collected after 1, 3 and 24 h and the results can be viewed in Figure 16.
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Figure 16 Spot assay of quaternized DMAEMA and DMAEMA-co-MPEGMA (Mn=500 g/mol) grafted PU exposed to 6.4 x 103
CFU/mI E. coli#84 for 1, 3 and 24 h. Blue ring indicates bacterial contamination of the agar and does not originate from E. coli#84.
Note that column order is reversed for 1 and 3 h. compared to 24 h.

Due to a mistake during bacteriological testing parts of the results from this study were missing. Data from
DMAEMA C4, DMAEMA C4-co-MPEGMA 500 and DMAEMA C8 along with positive and negative control
samples were therefore lost during testing.

Bacterial growth was found for all samples after both 1 and 3 h. of exposure with the exception of
DMAEMA C8-co-MPEGMA 500 (column #5) at 3 h. The bacteria were also observed to be swimming (see
Figure 16, 3 h., column #6), meaning that they were able to float around on top of the agar and
contaminate nearby samples. This is caused when the agar is too wet and the wetness can vary from batch
to batch and is unavoidable. After 24 h. there were no visible colonies formed on the agar with the
exception of a single colony circled in blue, which was due to contamination and did not originate from
the E. coli#84 strain. It was surprising that the non-modified surface showed activity and was also seen
for the PU substrate in the previous study after 24 h. This was an early indication that release of an active
compound from the polymer matrix itself, could be responsible for lack of bacterial growth. Since it is a
processed polymer, additives are often used during manufacturing and are not always possible to remove,
despite initial washing and cleaning. A second option could also be stress induced cell death, since no
nutrients were provided in the bacterial solution and no conclusion regarding release of additives could
be made.

The spot assay was concluded to have too many variables that could influence the outcome of the test
e.g. overloading of bacteria, proper contact between substrate and pathogen and transfer of bacterial
samples. The contact active mechanism of positively charged surfaces rely on having sufficient charge
density available to produce damaging electrostatic interaction with the cell membrane. Having too high
concentration of bacteria could result in overloading of the surface. This could create a monolayer of dead
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cells that would be shielding new bacteria entering the surface from the electrostatic effect allowing them
to survive. Secondly, as discussed previously, the bacterial solution must be completely absorbed to be
able to achieve complete eradication of the pathogen, which limits screening to gels or very hydrophilic
surfaces. Finally, having a highly swellable gel comprised of positive charges could, hypothetically, be able
to attract bacteria without necessarily killing them. Again, overloading could cause death in a certain
portion of the bacterial population while the rest would be ionically bound, but without causing cell death.
This would create a “sponge” that potentially could absorb the bacteria and hold it in the network, which
would be unable to be transferred via the pinner, due to higher affinity for the gel. The biological result
would therefore be a false positive, since the cells would still be alive. The spot assay was therefore
deemed as a non-compatible method for evaluation of antimicrobial contact active systems.

4.2.Zone of Inhibition Assay
A method that offers better contact between the substrate and bacteria is the zone of inhibition (ZOl)
assay and was implemented as the next step in the bacteriological investigation. In this test, a bacterial
solution is spread across an agar plate before placing samples on top with the active side face down and
is left to incubate overnight. If the samples possess antimicrobial activity, growth inhibition zones can be
seen underneath the samples after removal (see Figure 17).

(1) Bacterial solution
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(2) Cut outs of modified
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Figure 17 Schematic representation of the Zone of Inhibition test. (1) A bacterial solution is spread across an agar plate. (2)
Samples are placed on top of the agar having the modified side face down. (3) The plate is incubated for a predetermined
period. (4) Removal of samples to reveal zones of growth inhibition.

The test is normally used to qualitatively assess susceptibility of bacteria to antimicrobial compounds,
typically leachables that diffuse from a given matrix. However, several studies have used this method to
evaluate quaternary ammonium systems as a way of proving the contact active mechanism® %, The
samples provides a clear ZOI directly under the substrates but does not diffuse or create a zone larger
than the diameter/area of sample. However, it is difficult entirely to distinguish subtle effects from
leaching and surface contact since inhibition zones can be very small. Nonetheless, it can still be used to
give an early indication of antimicrobial activity.

For this type of assay, smaller sample size was needed to avoid creating oxygen deficient areas beneath
the polymer substrate that would potentially result in killing the bacteria. Therefore, a punch-out tool was
used to create oblates of the modified PU. The surface modifications investigated was VI, VI C4, VI C16,
DMAEMA, DMAEMA C4 and DMAEMA C8 and the results can be seen in Figure 18.
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Pristine PU

Figure 18 ZOlI assay of quaternized VI and DMAEMA grafted PU substrate exposed to E. coli#84 for 24 h. Red circles indicates
zones of bacterial growth inhibition and positive controls were made from 10 pl solution mixture of penicillin, streptomycin and
amphenicol B dispensed on filters and were placed at the top of the agar plates.

ZOl was observed for all samples including the pristine PU. Despite bacterial growth only being inhibited
directly underneath the area of the sample, these results still indicate the presence of a potential
leachable in the PU since no antimicrobial activity was to be expected from the base material. FT-IR
analysis of liquid extractions from the polymer further revealed the presence of a process aid. The spectra
pointed towards being an aliphatic esters, which are often used as a release agents in production of
polymers such as PU®, This study further demonstrates as to why the ZOl assay should not mistakenly
be used as a tool to rule out leachables from presumably contact active coatings and is a common
misconception conducted in practice for many papers.

Release of the presumed aliphatic ester proved to have greatly influenced bacteriological data due to its
high antimicrobial activity. The processed PU could therefore no longer be directly included in further
bacteriological studies. In an attempt to avoid the release of these compounds a secondary option is
presented below.

4.3.Thermoplastic PU with covalently attached photoinitiator
As a new approach to utilize the platform and to avoid process additives, a PU having a benzophenone
(photoinitiator) covalently attached to the backbone of the polymer were supplied by Coloplast. The
polymer contained no additives and consisted of a large hydrophilic soft segment and a minor hard
segment. Having the initiator already anchored on the surface removes the need for applying previously
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described activation step. Since radicals will only be formed close to the surface with no chance of initiator
solubilizing into solution, this should further improve the grafting capabilities of the system and reduce
homopolymer formation. The polymer was supplied in pellet form and had to be melt pressed into a
suitable shape to fit the platform. A PU plate was placed underneath during the melt press process to bind
the two layers thermally together (see Figure 19).

@ Prhotoinitiator UV-light
(L) Monomer

Steel support -

Figure 19 lllustration of the preparation procedure for PU/TPU-PI substrates and subsequent application for surface modification
via UV-grafting of monomer.

The PU helped significantly to keep the film straight and provided a suitable support for the TPU-PI and
will be referred to as PU/TPU-PI and was implemented for grafting of VI and DMAEMA. N-alkylation of VI
was done with carbon chain lengths of 4 (VI C4) and 16 (VI C16) while carbon chain lengths of 4 (DMAEMA
C4) and 8 (DMAEMA C8) were used for DMAEMA. Antimicrobial activity was evaluated for samples using
the ZOlI test and were exposed to E. coli#84 for 24 h. The results can be viewed in Figure 20.
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Figure 20 ZOl assay of quaternized VI and DMAEMA grafted PU/TPU-PI exposed to E. coli#84 for 24 h. Red circles indicates zones
of bacterial growth inhibition and positive controls were made from 10 pl solution mixtures of penicillin, streptomycin and
amphenicol B dispensed onto filters and were placed at the top of the agar plates.

The PU/TPU-PI did not produce any ZOI showing that the TPU-PI layer was capable of blocking diffusion
of additives from the underlying PU, while the remaining samples did all have visible ZOIl. This was
surprising since no antimicrobial properties were expected for the non-quaternized surfaces of VI and
DMAEMA. To ensure that this was not an artifact originating from the grafting procedure, e.g. residues of
toxic monomers, liquid extraction of a series of samples were collected and analyzed by high performance
liquid chromatography (HPLC). The surface modifications investigated were VI, VI C4 and 2-hydroxyethyl
methacrylate (HEMA) grafted PU/TPU-PI.

Another factor to consider in the testing of these materials is sterilization, which is a common practice
during the production of catheters. Therefore, in addition, a set of samples were sterilized using E-beam,
which is the current method of choice for sterilization of catheters at Coloplast. In the case of having
monomer present during this type sterilization, the high energy electron beam would induce vinyl bonds
to form radicals that either forms homopolymers or binds to the substrate. Through this process, any
potential residues from monomers would therefore be eliminated.

No detectable residues could be identified from the HPLC data with the exception of non-sterilized HEMA
samples. The peaks did, however, disappear after having undergone E-beam sterilization showing that
any potential monomers present after washing of the surface will be removed during this treatment. The
ZOl assay were further used to evaluate the antimicrobial activity of both sterilized (S) and non-sterilized
(NS) samples against E. coli#84 and the results can be seen in Figure 21.
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Figure 21 ZOl assay of both sterilized (S) and non-sterilized (NS) HEMA, VI and VI C4 grafted PU/TPI-PI. The samples were exposed
to E. coli#84 for 24 h. Red circles indicates zones of bacterial growth inhibition and positive controls were made from 10 pl solution
mixtures of penicillin, streptomycin and amphenicol B dispensed onto filters and were placed at the top of the agar plate.

In contrast to previous findings, the S PU/TPU-PI and NS PU/TPU-PI surface had clear visible ZOI and was
in general found for all samples. The zones could not originate from any leachables as was proven by HPLC
data. It was in fact discovered that the hydrophilic segment of the TPU-PI rendered the material able to
absorb large amounts of water from the moist agar. This made the polymer swell significantly and made
it sink into the agar that in turn, created an apparent ZOIl. The TPU-PI polymer can therefore not be used
in relation to the ZOl assay as the presence of false positive results were a significant drawback.

Other well-established bacteriological methods such as live/dead staining and XTT assay were
investigated as alternative solutions.

Live/dead staining evaluates living vs dead bacteria and is able to distinguish and quantify these through
the use of dyes that binds to specific targets within bacterial cells. It utilizes a combination of two different
dyes where one is able to penetrate intact cell membranes and typically produces a green fluorescent
signal. The second dye is only able to enter bacteria, which have a compromised membrane and provides
a red fluorescent color representing dead cells. Measurement of fluorescence intensity from the two dyes
can then tell how many living and dead cells are present. However, when tested a high background signal
was observed, which was due to PU being autofluorescent. This prevented quantification of the dyes in
the assay and can in addition also be observed for PEG-based substrates.

XTT assay is another attractive method and works through an extracellular reduction of a tetrazolium salt
e.g. 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) to formazan. The
reduced product forms an orange water soluble dye that can be measured colorimetrically and can be
correlated directly to the number of viable bacterial cells. The test was investigated for the PU/TPU-PI
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substrate but the dye was absorbed by the very hydrophilic TPU-PI and could not be used for
guantification of the antimicrobial activity.

Finding a method that both allowed proper testing of contact active antimicrobial systems as well as
avoiding interference from the underlying material proved to be a great challenge. Having PU as a base
substrate continued to be one of the major complications for the bacteriological investigations.

4.4.Concluding Remarks

In this study, investigations of bacteriological test methods were done to establish a procedure for the
evaluation of antimicrobial activity for surface modified PU substrates having quaternary ammonium
groups. The spot assay proved to have critical limitations, especially to ensure sufficient contact between
bacteria and surface. Inconclusive results along with uncertainties regarding proper sampling of bacteria,
lead to the conclusion that the spot assay was not suitable for determining antimicrobial activity for this
type of system. To resolve this issue, the ZOIl assay was used as an alternative option. However, here it
was found that the PU contained additives, which diffused from the polymer matrix during bacteriological
testing. The processed polymer possibly contained residues originating from a release agent and proved
to have antimicrobial activity that heavily influenced experimental data. To avoid release of additives, a
TPU-PI polymer was applied as a melt pressed layer on top of the processed PU. Although this blocked
diffusion of the release agent, the large hydrophilic segment of the TPU-PI was able to swell and sink into
the moist agar. Bacterial growth was thereby inhibited leaving behind a ZOlI, giving a false positive result.
Despite repeated efforts to obtain scientifically reliable results, the complicated nature of having PU as
base material continued to interfere with the bacteriological outcome of these studies.
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5. Model Study of Antimicrobial Coatings Through the use of SI-SARA-
ATRP

Although the screening platform was initially intended for FRP of monomers, which mimics industrial
processing, the system lacks control over both molecular weight and architecture of the obtained polymer
systems. Greater freedom to tailor-make complex molecular structures are achieved through the use of
controlled radical polymerization (CRP) techniques and permits to further investigate the structure-
property relationship of the antimicrobial activity of the coatings. Due to the complication of having PU
as substrate, PDMS was considered as an alternative material, since this is also a widely applied polymer
for catheter production. PDMS further provides a more inert surface that would ease chemical surface
analysis and characterization. In this chapter, a model system made by attachment of an ATRP initiator
onto PDMS substrates was used to conduct surface initiated supplemental activation reducing agent atom
transfer radical polymerization (SI-SARA-ATRP), as illustrated in Figure 22. The method was utilized for
grafting of DMAEMA and the effect of brush length as well as alkylation agents with respect to
antimicrobial activity were investigated. The experimental data can be found in Chapter 9.
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Figure 22 Schematic representation of surface activation, grafting procedure and quaternization of DMAEMA modified PDMS by
SI-SARA-ATRP

5.1.Investigation of ATRP Mechanism and Conditions
SI-ATRP have become a widely used method for producing advanced surface functionalizations for high
end applications within the biomedical field as e.g. biosensors or antifouling®>-1%, Modification of
surfaces is commonly done by anchoring of an alkyl halide specie serving as the initiator. Grafting of
monomer then proceeds via a metal complex mediated reaction, which is often copper based with a
polydentate nitrogen ligand, creating well defined polymer brushes on the surface (see Figure 23, top).
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Figure 23 Schematic illustration of typical Cu mediated SI-ATRP mechanism (top) and Cu mediated SI-SARA-ATRP mechanism
using sodium sulfite as reducing agent (bottom). Cu = metal catalyst, L = ligand, X = halide, P,, = polymer chain end, Na,SO3; =
reducing agent, kit = activation rate constant, kgeact = deactivation rate constant, k; = termination rate constant and k, =
propagation rate constant.

The high control over MW and dispersity (P) originates from the equilibrium between the inactive
halogenated polymer chain end (P,-X) and the active radical (P,*). Activation of chains happens through a
reversible one electron transfer redox reaction mediated by the metal-ligand complex that switches
between the reduced state (Cu(l)X) and the oxidized state (Cu(Il)X2)'%’. The equilibrium is deliberately
shifted towards the dormant P,-X, which reduces the number of radicals during reaction and thereby
lowers reaction rate and minimizes unwanted termination. However, some disadvantages for this type of
CRP is for example the need for relatively high catalyst concentration and poor stability of Cu(l), which
sometimes require purification before addition. Low tolerance towards oxygen leads to accumulation of
oxidized Cu(ll), which forces the equilibrium towards the dormant state. Freeze-pump-thaw cycles of the
reaction vessel is then required for removal of residual oxygen!®. Advances within ATRP have led to
strategies able to circumvent some of these limitations as for instance SARA-ATRP (see Figure 23, bottom).
This method greatly reduces the amount of catalyst needed and is also applied in its more stable oxidized
form. The addition of a reducing agent subsequently converts Cu(ll)X, to Cu(l)X that allows for initiation
of polymerization. Excess reducing agent is, in addition, able to react with oxygen in the solution and
protects the catalyst against unwanted oxidation and thereby significantly improves oxygen tolerance.

Here, a simple method of attaching a benzophenone derivatized with an ATRP initiator (Br-BPh) onto
PDMS was applied, which then permitted grafting of DMAEMA through SI-SARA-ATRP as illustrated in
Figure 22. The reactions were conducted with low amounts of catalyst (1.3 mM) and moderate
concentration of both reducing agent (5 mM) and monomer (1.4 M). Having sodium sulfite as a novel
reducing agent allowed parallelized polymerization under ambient conditions, with no use of degassing
procedures. The low concentration of reagents simplified subsequent purification and removal of Cu, to
ensure a non-leaching material. A distinctive feature for CRP reactions is that MW develops in a linear
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fashion with respect to time. To confirm the controlled nature of the reaction an initial study of the
propagation of brush thickness with respect to time on silicon wafers was conducted (see Figure 24, left).
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Figure 24 Time development of brush thickness of DMAEMA by SI-SARA-ATRP on silicon wafer using Na,SOs as reducing agent
(left) and silicon wafer after grafting showing a shift in coloration at various brush lengths (right).

This study took place in collaboration with PhD student Koosha Ehtiati, who conducted ellipsometry
analysis of the wafers. From this data, a good linear tendency was observed between brush thickness and
reaction time. Polymerization of nitrogen containing monomers have previously been proved to be
challenging due to competing complexation with the ligand, which may lead to an inefficient catalyst'®.
This was not the case using these conditions and the reaction showed that long DMAEMA brushes could
be achieved within very short reaction times and reached a maximum length of 398 £7.1 nm after only
120 min. Another interesting result from this experiment was that individual sampling times could be
observed as visual changes in coloration directly on the silicon wafer, as shown in Figure 24 (right).

In this type of polymerization, as the name also implies, supplemental activation of monomer occurs as a
result of radical formation from the reducing agent. Sodium sulfite is able to disproportionate into SOs%,
which can convert into radicals in the form of SO5;°. These are able to take part in a FRP of monomers in
the surrounding solution alongside the ATRP reaction. Fortunately, these polymer chains are not bonded
to the surface and can easily be washed off and do not interfere with the architecture or dispersity of the
grafted chains. However, the free polymer chains contributes significantly to increased viscosity of the
reaction mixture and limits the timespan of which the reaction can proceed. Another common method to
increase oxygen tolerance is activators regenerated by electron transfer atom transfer radical
polymerization (ARGET-ATRP). Here a reducing agent is also applied, often sodium ascorbate or ascorbic
acid'%!14 to regenerate the catalyst, but avoids the supplemental activation. However, this method was
observed to be significantly slower and reached only a brush thickness of 34 £0.49 nm after a reaction
time of 120 min. (see Figure 25).
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Figure 25 Time development of brush thickness of DMAEMA by SI-SARA-ATRP on silicon wafer using sodium ascorbate as reducing
agent

Additionally, the evolution in thickness was a less than an ideal linear curve and the SARA-ATRP system
therefore proved to be able to rapidly produce a broad range of thicknesses within short polymerization
times. The long brushes achieved through SARA-ATRP also permits shorter reaction times to sufficiently
functionalize the surface, which reduces the impact of the polymers formed by supplemental activation.

5.2.Screening Platform for Parallelized Synthesis of DMAEMA by SI-SARA-ATRP
Conducting ATRP in parallel is in general challenging even for most ARGET and SARA systems since they,
despite their oxygen tolerance, are still conducted under limited amounts of air in sealed containers or
atmosphere boxes. By use of the screening platform it was possible to conduct SARA-ATRP under
completely ambient conditions, which was utilized for grafting of a series of DMAEMA brushes with
varying lengths and quaternization (see Figure 26).
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Figure 26 Well layout of screening platform for DMAEMA surface modifications on PDMS substrate.

The brush length was varied by removing the reaction mixture from the well and replacing it with solvent,
terminating the reaction. In this way DMAEMA brushes after 10, 30 and 60 min. reaction time were
obtained, which based on kinetic studies of silicon wafers, corresponds to app. 33, 100 and 200 nm,
respectively. Post modification through alkylation of the side chain nitrogen were conducted using
iodomethane (DMAEMA C1), 1-bromobutane (DMAEMA C4), 1-bromooctane (DMAEMA C8),
bromodecane (DMAEMA C10) and 2-bromoethyl methyl ether (DMAEMA (CH;),0OCHs).

5.3. Biofilm Inhibition

Prior to investigating the antimicrobial activity of the acquired DMAEMA surface modifications, an initial
study of a wide range of organisms and their ability to create biofilm on PDMS were conducted in
collaboration with DTU National Food Institute. Biofilm formation were in this case visualized through the
use of crystal violet staining. Crystal violet is a dye, which is able to bind to sugar containing molecules
such as peptidoglycans in the cell wall of bacteria. The dye can then be either measured colorimetrically
directly or re-solubilized and transferred to a microtiter well to avoid potential background noise. The
absorbance directly correlate to the number of viable cells and is therefore an indirect method for
quantification of biofilm. Pristine PDMS samples were subjected to the crystal violet assay and the results
can be seen in Figure 27.
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Figure 27 Investigation of biofilm forming pathogens incubated for 24 h. on non-modified PDMS. Biofilm formation was visualized
by crystal violet staining. n = 3.

A total of 31 pathogens of different species and strains, being both gram positive (S. aureus, S.
epidermidis, Ent. faecalis and Ent. faecium) gram negative (E. coli, P. aeruginosa, P. vulgaris, P. mirabilis
and Klebsiella) and fungi (C. albicans and C. glibrata) were analyzed. From this study, most organisms
showed little to no biofilm formation. Only two species, (g-) Proteus mirabilis (Figure 27 column 2 row E-
G, right) and (g-) P. aeruginosa (Figure 27 column 2 row B-D, left), had clear biofilm formation on the
PDMS substrate. P. aeruginosa was previously described in Chapter 2 Figure 3 as to constitute part of the
biofilm colonies found in incidences of UTI. The pathogen was therefore chosen for further investigation
in prevention of biofilm formation. P. aeruginosa was exposed to the DMAEMA modified PDMS substrates
over a 24 h. period. Staining was done using crystal violet and subsequently re-solubilized and transferred
to a microtiter plate to quantify biofilm formation. The absorbance of the dye was for each sample
measured at 550 nm and the results can be viewed in Figure 28.
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Figure 28 Quantification of crystal violet stain via optical density measurements for surface modified PDMS, control PDMS (dark
blue), 10 min. polymerization time (blue), 30 min. polymerization time (light blue) and 60 min. polymerization time (white). n =
3.

Most of the analyzed surfaces showed only little reduction in biofilm, with the exception of DMAEMA C4
and DMAEMA C8 at 60 min. polymerization time. Here a significant difference in optical density (OD)
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reading compared to that of the pristine PDMS was observed, showing almost no absorbance. The
antimicrobial effect quickly diminishes with the use of longer or shorter carbon chains for quaternization
outside this range. This shows that change in amphiphilicity of the polymer system plays a pivotal role in
acquiring proper interaction with the cell membrane to induce damaging effect. Furthermore, increasing
polymerization time also in general provided a higher effect for most surfaces with the exception of
DMAEMA. An explanation could be that the longer polymer chains provided additional sites for
guaternization. This would result in increased charge density of the surface, which previously have also
been shown to be a big factor in obtaining effective contact active quaternary ammonium surfaces’8:115,
Higher mobility of the longer chains may also add to this phenomenon by providing the chains with the
ability to better aggregate on the cell, giving better contact. The high standard deviation of the data,

however, makes it difficult to reliably point out these kinds of tendencies.

5.4.Concluding Remarks

The scope of this study, were to develop and implement a CRP technique with the previously described
screening platform to investigate the structure-property relationship of surface modifications in relation
to their antimicrobial activity. Here, DMAEMA brushes were grafted onto PDMS using SI-SARA-ATRP and
utilizing Na,SOs as a novel reducing agent. The reaction provided extraordinarily long polymer brushes of
almost 400 nm within short reaction times of < 2 h. Additionally, the system showed high oxygen tolerance
and the screening platform enabled parallelized synthesis in a completely open system under ambient
conditions. Variation in brush length could be obtained through termination of reactions at different
times. Post functionalization of the side-chain amine of DMAEMA brushes were evaluated for their ability
to prevent biofilm formation of P. aeruginosa via a crystal violet staining assay. A clear trend between
brush length and choice of alkylation agent with respect to antimicrobial activity could be observed.
Significantly lower level of biofilm formation were found for DMAEMA C4 and C8 at 60 min.
polymerization time. This indicates that longer polymer chains can possibly provide better mobility and
charge density to interact with the cell membrane along with having the correct amphiphilicity of the
system and plays a crucial role in obtaining highly effective antimicrobial surfaces. The platform thereby
presents itself as a versatile method of not only screening various types of surface chemistries for
antimicrobial properties but can also be applied with different polymerization techniques as well as
polymer substrates.
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6. Industrial Application of Coatings

Based on the previous chapters, grafting of monomers having quaternary ammonium functionalities on
polymer surfaces have been shown as a feasible way of obtaining antimicrobial properties without the
release of additives. As one of the final objectives in this project, an attempt to produce smooth
antimicrobial catheter coatings through the combination of previously acquired knowledge with currently
used coating procedures for Coloplast catheters were made. Several aspects had to be taken into
consideration and adjustments to align with the industrial process with respect to e.g. the use of non-
toxic solvents in formulations, replacement of monomers with polymer systems, chemical stability
towards E-beam sterilization and coating application method were needed. Due to confidentiality, parts
of the procedure as well as formulation recipes and chemical structures have intentionally been excluded
from this chapter.

6.1. Investigation of Commercial Polymers
High demands and regulations are set for the safety and health impact of biomedical devices. This also
applies to the use of toxic chemicals during production where no significant traces, if at all, of such
compounds must be detected in the final product. Therefore, employing a monomer based system for
coating of catheters compared to a polymeric version requires detailed proof of either conversion or
removal of the substance and is thereby less likely to receive the final approval for distribution. To avoid
the complication of using monomers, although previous experiments had proved that leaching could be
avoided (see Chapter 4), a pre-synthesized polymer was used instead. Since the current coatings are PVP
based the prerequisites for the choice of polymer was that it must contain some level of PVP and
preferably have a MW above 100.000 g/mol, to afford good binding/integration in the current base-
coating of the catheters. It should also comprise some level of tertiary amines either as part of the side-
chain or backbone able to undergo quaternization to afford antimicrobial properties. Conveniently,
commercial polymers were available that fitted the criteria. Initially, three commercial copolymers P1 and
P2 consisting of poly(1-vinyl-2-pyrrolidone)-co-poly(1-vinylimidazole) (PVP-co-PVI) and P3 made from
poly(1-vinyl-2-pyrrolidone)-co-poly(2-(dimethylamine)ethyl methacrylate) (PVP-co-P(DMAEMA)), were
purchased and investigated as candidates for application in catheter coating formulations (see Figure 29).
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Figure 29 Alkylation of tertiary amines of commercial polymers with 1-bromobutane to produce quaternary positively charged
amine groups.

The MW of the polymers was not given by the manufacture accept for P1, which had a MW of
approximately 70.000 g/mol. Investigation by size exclusion chromatography (SEC) was attempted but
high affinity of the polymers to the column material, rendered this method impossible on our systems. All
polymers contained PVP and the second part were either VI or DMAEMA, which can undergo
quaternization to afford antimicrobial quaternary ammonium. An advantage of these polymers were their
solubility in EtOH and/or water and thereby allowed preparation of coating formulations in non-toxic
dispersive media. The composition of the copolymers were estimated by *H-NMR analysis and Figure 29
shows the mol% of each unit.

To obtain effective antimicrobial activity of the polymer coatings, high charge density is needed to induce
damaging electrostatic interaction with the bacterial membrane. Achieving this, requires a high number
of amine groups available to produce the positive charges as well as sufficient conversion of these. P1 had
the highest amount of amine functionalities with 53 mol% imidazole groups, followed by P2 with 33 mol%
and P3 with 16 mol% DMAEMA. An initial screening of antimicrobial activity was investigated through the
use of a so called “kill test” and was conducted for both the non-modified polymer and a quaternized
version. The test was done on polymer solutions and not covalently bonded coatings due to the feasibility
of being a fast and easy method, to give an initial indication of bacteriological effect. No quantitative
analysis could be made from this, but simply served as a mean to visualize whether bacteria were killed
by the presence of the polymer or not. Quaternized polymers were synthesized by the use of 1-
bromobutane to functionalize either the 3 position of the imidazole amine or the amine side-chain of
DMAEMA. The alkyl chain length was chosen based on both the results obtained in Chapter 5 and on the
work of Zheng et al.”® as plausible candidates and the quaternized product was named accordingly: P1QC4,
P2QC4 and P3QC4 (see Figure 29 above). The extent of conversion for the quaternization was estimated
by 'H-NMR and the results can be seen in Figure 30.
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Figure 30 'H-NMR spectra of commercial polymers quaternized with 1-bromobutane and conversion of amine functionality.

It was not possible to estimate conversion for P3QC4 due to overlapping peaks in the H-NMR spectra.

However, the product was no longer soluble in CDCls, showing a drastic characteristic change for the

polymer. For simplicity, full conversion was assumed for this reaction. The concentrations of the polymers

used in the kill test, were based on the minimum inhibitory concentration (MIC) used by Zheng et al.”® for
the synthesized poly(ionic liquid) C4 (PIL C4). Since both MW and fraction of quaternized amines of the
commercial polymers differed from that of PIL C4, compensation in polymer concentration were made.

The amount of dissolved polymer were set to give an equal concentration of quaternary amines per ml

with respect to the work of Zheng et al.”® and the concentration is shown in Figure 31.

The procedure of the kill test involves the use of a bacterial solution of E. coli#84, which is added to a

known volume and concentration of the dissolved polymers and exposure time was in this case set to

24 h. Bacterial growth is then visualized by sampling the liquid onto agar plates and incubated overnight.

The samples were sent for bacteriological test at Coloplast and the results can be viewed in Figure 31.
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Polymers Concentration

[mg/ml]
P1,P1QC4 315
P2, P2QC4 249
P3, P3QC4 212

Figure 31 Bacteriological results of kill test of both commercial and quaternized polymers exposed to a 10~4 CFU/ml E. coli#84
solution for 24 h (left). Polymer precipitation could be seen on the agar and is indicated by dashed arrows. n = 2. The table shows
the concentrations used for the different polymers for the kill test (right).

Antimicrobial activity was only seen for P1QC4 and for P3, which had no bacteria growing on the agar.
The cloudy formation for P1QC4 was due to precipitation of the polymer and not bacterial growth. P2QC4
was not able to kill E. coli in solution despite achieving higher quaternization conversion than P1QC4. This
might be attributed to an overall lower content of imidazole groups of almost 20% in the polymer
composition, making for a lower charge density. Unexpectedly, P3QC4 had no effect against E. coli while
P3 showed no sign of surviving bacteria. Although, certain studies have shown that tertiary amines have
antibacterial properties®’~°, higher antimicrobial effect is usually seen for quaternary amine systems. The
amines of DMAEMA are also able to be protonated and form positive charges depending on pH and along
with the different amphiphilicity of the system, due to no carbon chain being present at the amine, could
provide better interaction with the cell membrane and possibly explain the difference in antimicrobial
activity. From the two antimicrobially active polymers, P1QC4 was chosen as the best suitable candidate
for implementation in catheter coatings due to the high percentage of imidazole groups in the polymer
composition.

One should consider that running the test in solution is significantly different compared to having the
polymer anchored to a surface, as have also been shown by Zheng et al.”®. This does therefore not give
any conclusive results for antimicrobial activity as coatings for the polymer systems investigated. Applying
the polymer as a coating could change the mode of action, charge density, mobility and ability to form
aggregates, all of which are important parameters that could influence activity.

6.2. Implementation in Coating Formulations
In addition to having antimicrobial activity, catheter coatings should also be sufficiently bonded to the
base material, have low surface friction and the ability to endure E-beam sterilization. To allow
investigation of these parameters, an altered version of the previously described screening platform were
developed by Lavik, H.1'®. The platform was initially made with the purpose of being able to find new
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smooth coating formulations and therefore had to be designed to allow for friction measurements of the
samples. The design of the two setups were fairly similar, although, an important difference for this
system was the well dimension and shape. Here, a rectangular well with a length of 30 mm and a width
of 14 mm were found to give the best reproducible results for friction measurements and thereby also
producing the most consistent coating layer!'®. Based on this, an aluminum platform containing the
optimized well dimensions was made and is illustrated in Figure 32.
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Figure 32 Schematic representation of screening platform used for testing of coating formulation, showing the well plate in both
a top and bottom view (top) and the aluminum support shown as top and side view (bottom).

The setup was similarly divided into a well containing top plate and an aluminum support, which could be
fitted with a polymer substrate in-between the two. The smaller plate size and use of larger screws (@ =
5.5 mm) resulted in higher pressure onto the polymer substrate. This combined with having sharper metal
rims around the wells at the bottom side of the top plate, made heat treatment unnecessary for proper
sealing of the well edges. The larger sample size also allowed for antimicrobial testing using the ISO 22196
Test for Antimicrobial Activity of Plastics, which will be described later in this chapter.

The currently used formulation for catheter coatings contains a number of different components and
among those are photoinitiator and PVP and uses EtOH as solvent. The catheters are normally plasma
treated before applying the coating in a two-step dip coating procedure. First a pre-coating, which helps
ensure binding to the PU substrate and a second coating layer is thereafter placed on top that gives a
smooth low friction surface. The target for the implementation of antimicrobial properties therefore lies
in the top coating, which is in direct contact with skin. Investigation of antimicrobial activity was done for
a series of top coating formulations having 0, 5, 15 and 30 wt% of the PVP content replaced with P1QC4,
where 0% corresponds to the reference catheter coating. Substituting PVP with P1QC4 rather than adding
extra polymer keeps the solid content in the formulation constant and reduces the influence on other
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additives in the mixture. The coatings were cured under UV-light and bacteriological testing was carried
out using the 1ISO 22196 test.

6.3. 1SO 22196 Test for Antimicrobial Activity of Plastics

This test method is specially designed to evaluate the antimicrobial properties of plastic surfaces. The
sample preparation and procedure is fairly simple and again requires no advanced analysis tools or
equipment to conduct. It does, however, require a relatively large surface area of the substrate to give
reliable results. The method was therefore not suitable for high throughput screening using the platform
first presented in this thesis, but were compatible with the larger surface area of the samplesin the second
platform developed. A schematic illustration of the procedure can be seen in Figure 33

(1) Introduction of bacteria (2) Incubation (3) Sonication (4) Plating (5) CFU Counting
" Incubation chamber
Cover film
’ Bacterial colonies
[ [ \ Agar plate
Bacterial ( | ( )

droplet \ y

Polymer sample

N RS\

Figure 33 Schematic representation of the I1SO 22196 test. (1) A bacterial droplet is placed on the polymer substrate and spread
across the surface by the use of a plastic cover film. (2) Substrate is incubated at fixed temperature and humidity for a
predetermined period. (3) The substrate is lightly rinsed before being transferred to a vial and sonicated. (4) Samples from the
solution is then plated onto agar and incubated. (5) Counting of bacterial colonies to determine antimicrobial activity.

First, a droplet of bacterial solution is added on top of the polymer substrate and spread across the surface
using a thin polymer film. The sample is then transferred to an incubation chamber with constant
temperature and humidity for a preset exposure time. A brief gentle wash is done before immersing the
sample in a vial with DI water and sonicated to release adhered bacteria. Sampling of the liquid is then
plated onto agar and incubated to reveal bacterial colonies for CFU count. The P1QC4 coated samples was
tested against E. coli#84 for a 24 h. exposure period. A total of six samples were made from each
formulation were three of them were used to study the effect of E-beam sterilization and the results can
be viewed in Figure 34.
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Figure 34 Antimicrobial activity of coated PU having 5, 15 and 30 wt% P1QC4 exposed to E. coli#84 for 24 h.

At 5 wt% both sterilized and non-sterilized samples had either higher or similar number of living bacteria
attached to the surface compared to the reference coating (control). This could be explained by the
coating having too low charge density to kill bacteria, due to low concentration of quaternized polymer.
Since bacterial membranes are overall negatively charged the coating could act as a “magnet”, attracting
bacteria without the ability to promote cell death. However, a steady decrease in CFU count were
observed when increasing the content of quaternized polymer and the coatings with 30 wt% showed the
highest activity. Although, at 15 wt% (non-sterilized) a slightly lower bacteria count was seen but here the
slightly large standard deviation should also be taken into account. The data also shows that E-beam
sterilization did not affect the ability of the coating to express antimicrobial activity. For the PVP control
a higher number of bacteria was found for the sterilized samples compared to non-sterilized. This may
seem contradicting but prior results from Coloplast have shown the same trend for sterilization (data not
shown) although no explanation could be given for this phenomenon.

A general issue regarding the coatings was layer thickness, which was much less compared to regular
catheter coatings. Good binding of the coating originates from a combination of high MW polymers and
correct amount of photoinitiator to crosslink chains and create a stable network, without having too high
crosslinking density. This would otherwise reduce the ability of the coating to swell and absorb water and
thereby increase surface friction. Incorporation of P1QC4 would theoretically require an increase in
photoinitiator concentration to allow sufficient anchoring of the polymer in the network, due to the lower
MW of the polymer. Binding ability of a coating formulation having 30 wt% P1QC4 was evaluated for a
series of photoinitiator concentrations having 1, 1.5, 2.0 and 3.0 eq. relative to the original recipe. The
resulting coatings were assessed on a qualitative basis with respect to rub-off, which determines how well
the coating was attached to the surface on a scale from 0 — 5 with 0 showing no signs in loss of coating
and 5 having no coating binding to the surface. Simultaneously, the smoothness of the coating was also
assessed on a scale from 0 —5 with 0 having high friction and 5 being a very smooth coating and the results
can be viewed in Table 4.
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Table 4 Qualitative rub-off and smoothness evaluation of coatings with 30 wt% P1QC4 with various concentration of
photoinitiator.

Photoinitiator Rub-off Smoothness Comments
conc. [eq.] [0-5] [0-5]
1.0 3-4 1-2 Poor binding and smoothness
1.5 3 2 Relatively high rub-off and low smoothness
2.0 1 4 Good binding and smoothness
3.0 1 4 Good binding and smoothness

In accordance with the previous study, the current level of photoinitiator was inadequate to provide a
coherent coating network on the PU surface, resulting in poor smoothness. With higher content of
photoinitiator, improvement of these properties were seen for 1.5 eq. and when increased to 2.0 and 3.0
eq. showed excellent binding and low friction. The 2.0 and 3.0 eq. might be too high when considering
crosslinking density and on recommendation from Coloplast supervisor Niels Jgrgen Madsen, the 1.5 eq.
was deemed as a more suitable adjustment for the photinitiator content, despite being inferior in the
evaluation.

6.4. Application of Coatings on Catheters

Having shown that implementation of a quaternized polymer in catheter coatings lead to antimicrobial
activity even after sterilization and that proper adjustment of photoinitiator content could be used to
obtain acceptable properties with respect to binding and smoothness on a PU substrate, the next step
was to apply these coatings to catheters. As an addition to this work, investigation of a second quaternized
form of P1 was synthesized. Using formerly described procedure, alkylation with iodomethane was done
to produce a one carbon chain on the amine imidazole group and is referred to in this text as P1QC1 (see
Chapter 9). The extent of quaternization was not possible to determine by H-NMR due to overlapping
peaks (see Figure 35).
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Figure 35 'H-NMR spectra of P1 (top) and iodomethane quaternized P1QC1 (bottom).

However, a clear shift of the imidazole protons of P1 from 6.92 and 7.34 ppm to 7.60 and 9.08 ppm for
P1QC1 as a result of higher de-shielding originating from the positively charged amine, was observed. The
solubility of the product also changed drastically, since the product precipitated during reaction in EtOH
and only proved soluble in water, water/EtOH mixture or dimethyl sulfoxide (DMSO). Due to these
changes in polymer properties full conversion was therefore assumed. Of both P1QC4 and P1QC1 a series
of coating formulations having 15, 30 and 50 wt% of the quaternized polymer were applied onto urinary
catheters at the test facilities of Coloplast. Due to the fact that P1QC1 was not soluble in pure EtOH, a
mixture having 75 vol% EtOH (aq) was used as solvent.

Because of the replacement of the high MW PVP with the lower MW of P1, adjustment for the viscosity
had to be made with respect to retraction speed during dip coating and UV dosage. Coatings containing
P1QC4 provided in general good binding and very uniformly distributed coating layers. On the contrary,
sufficient binding was more difficult to achieve when applying P1QC1 formulations. High rub-off was
observed when using similar parameters as for P1QC4, which possibly originates from the presence of
water and is a potential challenge when it comes to crosslinking PVP polymers. PVP is a very hydrophilic
polymer and water is able to bind strongly to these types of systems, potentially blocking radical
crosslinking processes during UV irradiation. In an attempt to remove the water, both increased drying
time and UV dosage was investigated but still resulted in little to no binding of the polymer system to the
catheter substrate. The P1QC1 formulations was therefore not included in any further studies.
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Friction was analyzed by in-house instruments at Coloplast A/S and measured the friction force applied in
both a forward and backward motion along the catheter and overall surface friction was given as an
average of the two. The friction test was performed as a so called 0 min. test, meaning that catheters
were directly measured after having been submerged in DI water for 10 min. The resulting friction of the
catheters can be viewed in Figure 36.
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Figure 36 Friction measurement of urinary catheters coated with 15, 30 and 50 wt% P1QC4.

Friction was in general low around 27.4 — 42.8 mN with little difference between sterilized and non-
sterilized samples. A slight tendency with increasing friction for higher content of P1QC4 was observed
but was still acceptable according to industry standards. Along with uniform coating layers, P1QC4
provided excellent properties for production of smooth catheters.

Coated catheters were cut into samples of ca. 1 cm in length and evaluated for antimicrobial properties
using the aforementioned ISO 22196 Test for Antimicrobial Activity of Plastics against E. coli#84 for a 24
h. incubation period. The activity of the catheters were compared to commercial SpeediCath catheters
and the data is shown in Figure 37 below.
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Figure 371 Antimicrobial activity of catheters coated with 15, 30, and 50 wt% P1QC4 against E. coli#84 for 24 h. incubation period.

It was surprisingly found that antimicrobial activity in this case was lower for catheters containing P1QC4
compared to SpeediCath. A steady rise in CFU count was observed for increasing content of the
quaternized polymer and samples having underwent sterilization, further increased this number. This was
contradicting to the general evidence found from previous investigations and no obvious difference could
fully explain this phenomenon. The major difference between the test conducted here and in Figure 34
was that catheter samples had a larger coating layer on the surface. A possible reason could be that the
larger gel layers have a different network structure able to absorb more water and increase swelling. This
would increase the distance between cationic charges as the network expands and thereby reduce the
concentration of positive charges below the antibacterial threshold. The higher level of bacteria at 50 wt%
P1QC4 can then be explained by having a less densely crosslinked network. This would possibly also be
more hydrophilic providing a higher degree of swelling, which further increases distance between charges.
As the data are only preliminary, further investigations are needed to confirm the lack antimicrobial effect.

6.5. Concluding Remarks
Commercially available polymers, which were post functionalized to have quaternary ammonium groups,
were investigated for implementation in urinary catheter coatings. An initial selection of candidates were
done based on bacteriological studies of the polymers in solution. Here P1QC4 showed best antimicrobial
activity and was therefore chosen for further implementation in catheter coating formulations. A
screening platform was used in the optimization of bonding and integration of the polymer in existing
coating formulations and to evaluate the antimicrobial effect as well as the chemical stability towards E-
beam sterilization. The coated PU samples showed good antimicrobial activity towards E. coli#84 with
increasing activity towards higher content of P1QC4. This was the case for both sterilized and non-
sterilized samples, proving that activity was retained during sterilization treatment. Application of P1QC4
formulations directly onto urinary catheters gave smooth coatings with low friction and was uniformly
distributed along the material. Incorporation of P1QC1 was not possible due to having water as solvent,
which blocked radical binding of the coating. Bacteriological studies surprisingly showed opposite
tendencies compared to previous findings, having higher CFU count than that of commercially available
SpeediCath catheters. Increasing content of P1QC4 increased the number of surviving cells found on the
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samples. A possible explanation could be that the gels were more hydrophilic and able to achieve a higher
degree of swelling and thereby lowering the positive charge density of the network and reduced its
antimicrobial potential.
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7. Conclusion

People relying on urinary catheters for voiding of their bladder are, despite repeated efforts, still
experiencing an increased risk of contracting UTls. Antimicrobial contact active quaternary ammonium
surfaces have proven to be an effective method able to kill bacteria without the release of an active
substance. This provides an alternative to existing release based catheter coatings, which are prone to
development of resistant bacteria. However, incorporation of such a system into urinary catheter coatings
requires a suitable tethering technique, amphiphilicity, charge density, mobility and chemical stability
towards sterilization treatment to obtain the highest antimicrobial activity. Creating a hydrophilic contact
active urinary catheter coating to prevent bacterial colonization was therefore the scope of this thesis.

Initially, the development of a screening platform able to conduct grafting onto PU catheter material was
done to identify optimal reaction conditions for a series of acrylate and methacrylate based monomers.
The platform was able to functionalize the PU substrate with both hydrophilic and hydrophobic monomers
and showed that considerations with respect to monomer concentration and combinations of these, plays
a vital role for the outcome of the polymerization. The modular design and choice of materials for the
platform allowed the use of harsh chemicals, as well as withstanding elevated temperatures, needed for
incorporation of the substrate and initiator. This also permitted the use of classical chemical analysis and
characterization tools of the modified surface presenting itself as a versatile method for screening of
surface modifications of PU substrates.

The platform was then further utilized for bacteriological evaluation of surface bound quaternary
ammonium polymer systems to identify relevant antimicrobial candidates. Here, the choice of having a
commercial PU proved to be problematic in relation to both Spot and ZOI assay. Process aids were found
to be released from the substrate during the test and heavily influenced bacteriological data. In an
attempt to circumvent this, thermal attachment of a layer of TPU-PI on top of the PU substrate managed
to prevent the release of additives. Another concern regarding release, was the potential presence of
residual unreacted monomer. Analysis from liquid extraction of samples having underwent E-beam
sterilization proved to be able to eliminate such artifacts. Having TPU-PI as substrate caused, on the other
hand, complications for bacteriological evaluation using the ZOI assay due to high hydrophilicity and
swelling properties of the system, giving rise to false positive results. Other conventional bacteriological
assays, such as live/dead staining and XTT, were similarly shown to be unsuitable in the combination with
PU materials.

From this, PDMS was chosen as an alternative catheter material and was used as substrate in the
development and investigation of a controlled SI-SARA-ATRP technique. In combination with the platform,
the method allowed for grafting of exceptionally long DMAEMA brushes and the kinetic control could be
used to vary the length of the polymer chains. A crystal violet assay was utilized for evaluation of the
structure-property relationship between brush length and the choice of N-alkylation agent to obtain
antimicrobial activity. It was shown that correct amphiphilicity, charge density and mobility was critical
for obtaining the right conditions to induce bactericidal effect. Again the platform proved to be a versatile
tool for investigating surface modifications of different polymer substrates and compatible with
bacteriological assays to determine antimicrobial activity.

For the practical application of quaternary ammonium systems, pre-synthesized PVP-based quaternary
ammonium polymers were applied in combination with urinary catheter coating formulations to obtain
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hydrophilic antimicrobial surfaces. Initial data obtained from coatings conducted on flat surfaces, showed
that addition of such polymer additive improved antimicrobial activity. The activity was further
maintained for samples exposed to E-beam sterilization indicating good chemical stability. Applying the
same formulation onto urinary catheters gave low friction surfaces as well as an evenly distributed coating
layer and showed that quaternary ammonium polymers could be used in an industrial production line.
Although, when evaluating their antimicrobial properties, the number of bacteria increased in contrast to
previous results. Thicker coating layer, higher hydrophilicity and swelling capacity of the system may be
responsible for lowering the charge density and thereby antimicrobial activity. To resolve this issue a
better understanding of how quaternary ammonium systems function in highly hydrophilic environment
is needed.
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8. Outlook

The screening platform has demonstrated its versatile use for surface modification of various polymer
substrates with a long range of monomer systems applied using different polymerization techniques. The
platform thereby paves the way for a deeper investigation and understanding of important parameters
for the antimicrobial activity of quaternary ammonium based polymer system with respect to charge
density of cationic groups, grafting density, amphiphilicity through copolymerization and N-alkylation,
architecture of polymer chains such as insertion of spacer segments and length of polymer chains etc.
From this, general concepts of designing contact active antimicrobial surface could be obtained and help
tailor-make optimal efficiency against desired pathogens.

In the interest of conducting high throughput screening of contact active antimicrobial surface
modifications on PU substrates, further research is needed to find a bacteriological methodology that is
compatible with the functional groups present in such materials. Furthermore, it also has to be reliable
for the evaluation of the contact active mechanism and be able to distinguish it from release based
antimicrobials, which is currently challenging. Since PU is inherently autofluorescent, methods applying
colorimetric analysis directly on these surfaces should be avoided such as OD readings, live/dead staining
and XTT assays. Sampling should therefore possibly be transferred and analyzed in separate containers to
avoid interference from background noise.

Although, initial screening is good for finding relevant candidates, they often poorly represent the
conditions experienced under clinical conditions. A way to optimize the screening to better evaluate its
use in relation to a specific application, in this case urinary catheters, several adjustment to experiments
run in the platform can be made.

In addition to the chemical stability of quaternary ammonium systems towards E-beam sterilization,
another interesting study would be to look into the effect of physiological conditions such as pH and salt
concentration. quaternary ammonium may be affected by the presence of salt that can coordinate to the
positive charges and non-quaternized amines could be protonated at certain levels of pH, all of which may
elicit an impact on antimicrobial effect. Friction of the surface is also important to assess under these
conditions, since salts may precipitate and form an encrustation layer that would highly increase
resistance of the surface.

Activity against a broad spectrum of gram positive and gram negative bacteria is also required by the
coating if to be considered for use as urinary catheter coatings. Combinations of pathogens have been
found for many cases of CAUTI and exposure to solutions of mixed bacterial species, should therefore also
be assessed.

While the coatings have to be lethal for bacteria it should, on the other hand, not be harmful towards
mammalian cells. The integrity and proliferation of relevant human cells should therefore be evaluated to
determine the cytotoxicity of the materials.

By implementing the above recommendations and adjustments a more reliable evaluation in determining
the applicability of the surface modifications for use in urinary catheter coatings should be obtained.
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9. Experimental Section

Materials

Polyurethane (PU), benzophenone derivatized polyurethane (TPU-PI) and photoinitiator Irgacure 2959
was supplied by Coloplast A/S. lodomethane (C1, 99%), 1-bromobutane (C4, 99%), 1-bromohexane
(C6, 98%), 1-bromooctane (C8, 99%), 1-bromododecane (C12, 97%), 1-bromohexadecane (C16, 97%), 1-
bromooctadecane (C18, 297%), N,N,N’,N",N""-Pentamethyldiethylenetriamine (PMDETA, 99%), copper(ll)
chloride (99%), methanol (MeOH, 299.9), diethyl ether (Et;0, 299.8%), dichloromethane (299.8%), (+)-
sodium L-ascorbate (98%), 2-bromoethyl methyl ether, 2-bromo-2-methyl-propanoyl bromide (98%), 4-
hydroxybenzophenone (98%) and trimethylamine (299.5%), Albumin—fluorescein isothiocyanate
conjugate bovin (BSA), Acrylic acid (99%), methacrylic acid (MAA, 99%) poly(ethylene glycol) methyl ether
methacrylate (MPEGMA 500, M, = 500), di(ethylene glycol) methyl ether methacrylate (MDEGMA, 95%),
N-isopropylacrylamide (NIPAAm, 97%), 2-(Dimethylamino)ethyl methacrylate (DMAEMA, 98%) and 2,2,2-
Trifluoroethyl methacrylate (TrFEMA, 99%) were purchased from Sigma-Aldrich. Monomers were passed
through a short plug-flow column containing aluminum oxide (Sigma-Aldrich, activated, basic, Brockmann
I, standard grade) prior to use for polymerization. Magnesium sulfate was from Fischer Scientific, Ethanol
(EtOH, 99.97%) and tetrahydrofuran (THF, 299%) from VWR, 1-vinylimidazole (VI, 298%) from TCl and
polydimethylsiloxane Elastosil RT 625 A/B (PDMS) was from WACKER.

Characterization

Water contact angle measurements was conducted on a Dataphysics Contact Angle System OCA 20. Static
contact angles were measured on a droplet of 4 ul Millipore water. X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Fisher Scientific K Alpha (East Grinstead, UK) using monochromatized
aluminum KR radiation in a 400 um spot on the sample. Survey and high-resolution spectra were acquired
and analyzed using the manufacturer’s Avantage software package. Fluorescence intensity measurements
and UV-vis spectroscopy was carried out on a POLARstar Omega from BMG Labtech, where fluorescence
measurements were conducted using an excitation filter at 485 nm and an emission filter at 520 nm
scanning across the surface in a matrix scan of 10x10. Differential scanning calorimetry (DSC) was
performed on a DSCQ1000 from TA Instruments. The thermal analyses were performed at a heating and
cooling rate of 10 K/min. The melting temperatures (T.,) are reported as the peak temperatures of the
endothermic melting peaks. Glass transition temperatures (T,;) were measured at the inflection point. One
way analysis of variance (ANOVA) was done in Minitab 18 using the Tukey method with a 95% confidence
interval in order to calculate statistically significant differences between a set of obtained values. NMR
characterization of polymers was performed on a 7 Tesla Spectrospin-Bruker AC 300 MHz spectrometer.
Chemical shifts are given in ppm. Molecular weight and polydispersities were determined using Size
Exclusion Chromatography (SEC). SEC was performed in THF on a Viscotek GPCmax autosampler equipped
with a Viscotek TriSEC model 302 triple detector array (Rl detector, viscometer detector and light
scattering detectors measuring at 90° and 7°) and a Knauer K-2501 UV detector on two Polymer
Laboratories PLgel MIXED-D columns. The samples were run at a flow rate of 1 ml min? at 35 °C and
molecular weights were determined from a PS calibration.
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Preparation of VI and DMAEMA modified PU

Preparation and pretreatment of setup

A PU plate was cut into suitable dimensions and washed with first ethanol and then acetone and left to
dry for a few minutes. The PU substrate was then placed between the top and bottom plate and fixed
with screws. The setup was heated at 155 °C for 15 min and the screws were tightened before increasing
the temperature to 160 °C for another 60 min. The screws were tightened once more and the setup was
left to cool to room temperature.

Embedding of photo initiator

To each well 80 pl of a 0.5 M stock solution of Irgacure 2959 in THF/MeOH (1:4, v:v) was added. The
solution was left to evaporate overnight in the dark, resulting in solvent casting of the photo initiator in
the polymer surface.

General procedure for polymer grafting

A stock solution of 1.0 M vinylimidazole (VI) in MeOH was made and 80 pl of this solution were added in
to their respective wells. The plate was left under orbital shaking for 5 min at 200 rpm at 25 °C in a Hettich
Benelux Cooling Thermomixer MKR 13. Thereafter the plate was exposed to UV-light (A=365 nm,
10 mW/cm?) for 30 min. at 25 °C under continued shaking at 200 rpm. Thereafter, the reaction mixture
was removed, and wells were washed excessively with solvent (MeOH). In addition, all wells were refilled
with pristine solvent mixture and left shaking at 200 rpm at RT for 15 min. The rinsing procedure was
repeated with H,0, where after the wells were filled with H,O and shaken at 200 rpm at RT for 15 min to
remove any residual solvents. The setup was left to dry in vacuum oven at RT overnight.

General procedure for quaternization

Quaternization of VI was done using 80 pl of a 1.5 M stock solution of the following alkyl halides in their
respective solvents: iodomethane (MeOH), 1-bromobutane (MeOH), 1-bromohexane (MeOH), 1-
bromooctane (MeOH), 1-bromododecane (Et;0), 1-bromohexadecane (Et,0) and 1-bromooctadecane
(Et20). The platform was left under orbital shaking at 200 rpm at 40 °C for 30 min. Thereafter, the reaction
mixture was removed, and wells were washed excessively with solvent (MeOH). In addition, all wells were
refilled with pristine solvent mixture and left shaking at 200 rpm at RT for 15 min. The rinsing procedure
was repeated with H,O, where after the wells were filled with H,O and shaken at 200 rpm at RT for 15
min to remove any residual solvents. The setup was left to dry in vacuum oven at RT overnight.

Sterilization of PU samples

The setup was placed in beaker containing 70 vol% EtOH (aq) and left for 20 min. After sterilization the
setup was placed in a plastic container, which was wiped with EtOH prior to use, and dried in vacuum
oven at RT overnight.
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Preparation of VI and DMAEMA modified PU/TPU-PI

Preparation and pretreatment of setup

A PU plate was cut into suitable dimensions and washed with first ethanol and then acetone and left to
dry for a few minutes. The PU substrate was then placed on a steel support with a piece of aluminum foil
in between. The PU substrate was made flat by hot pressing at 150 °C for 15 min. Afterwards, a metal
frame was placed on top of the PU and filled with granulates of TPU-PI. The TPU-PI was melt pressed onto
the PU at 150 °C for ca. 25 min. forming the PU/TPU-PI substrate. The system was fitted with a well plate
and fixed with screws. The setup was heated to 40 °C for 15 min. and the screws were tightened and left
for another 15 min. before tightening the screws again.

General procedure for polymer grafting

A stock solution of 3.0 M VI in MeOH/H,0 (1:1, v:v) was made and 80 pl of this solution were added in to
their respective wells. Thereafter the plate was exposed to UV-light (A =365 nm, 10 mW/cm?) for 30 min.
at 25 °C under continued shaking at 200 rpm. The reaction mixture was removed and the wells were
washed excessively with solvent (MeOH/H,0 (1:1, v:v)). Further washing was done in a similarly fashion
described for “Preparation of VI and DMAEMA modified PU”. The setup was left to dry in vacuum oven at
RT overnight.

General procedure for quaternization

Quaternization of VI was done using 80 pl of a 3 M stock solution of the following alkyl halides in their
respective solvents: 1-bromobutane (EtOH), 1-bromooctane (Et,0) and 1-bromohexadecane (Et,0). The
platform was left under orbital shaking at 200 rpm at 40 °C for 30 min. Thereafter, the reaction mixture
was removed, and wells were washed excessively with solvent (EtOH). Further washing was done in a
similarly fashion described for “Preparation of VI and DMAEMA modified PU”. The setup was left to dry
in vacuum oven at RT overnight.

Sterilization for ZOl assay

Punched out samples were placed in beaker containing 70 vol% EtOH (aq) and left for 20 min. After
sterilization the samples were placed in a sterile microtiter plate and dried in vacuum oven at RT
overnight.
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Synthesis of BPh SI-ATRP initiator

To a 50 ml round bottomed flask covered with aluminum foil, 4-hydroxybenzophenone (3.00 g, 0.0151
mol), triethylamine (2.40 mL, 0.0172 mol) and dichloromethane (9 ml) was added. The flask was placed in
an ice bath under magnetic stirring and dropwise added a solution of 2-bromo-2-methyl-propanoyl
bromide (2.10 mL, 0.0170 mol) in dichloromethane (6 ml). The flask was sealed with a septum and left to
proceed overnight. The reaction was filtered to remove unwanted precipitate and the solution was
extracted with 3 x 25 ml sat. NaHCOs (aq) and once with 25 ml water containing a few ml of brine. The
organic phase was then dried with magnesium sulfate for 10 min. The solution was filtered into a 50 ml
round bottomed flask and evaporated in vacuo. The flask was placed in vacuum oven at RT to dry
overnight. The product was obtained as an off-white solid (m = 3.38 g, 64% yield). *H-NMR (300 MHz,
CDCls) 6 7.80 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 7.1 Hz, 2H), 7.52 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.19
(d, J = 8.6 Hz, 2H), 2.01 (s, 6H)

SI-SARA-ATRP on Silicon wafer

To a 40 ml vial 2.6 mg Cu(ll)Cl, 8.14 ul PMDETA, 3.54 m| DMAEMA and 9.45 ml MeOH/H,0 (1:1, v:v) was
added and mixed under magnetic stirring. A metal wire was fixed on a clamp, which was then fastened to
the top of the 2-bromoisobutyrylbromide functionalized silicon wafer and transferred to the vial. The vial
was sealed with a septum and evacuated and filled with nitrogen three times. In a separate 4 ml vial 9.45
mg of Na,SOs3 was dissolved in 1 ml H,O and then added 1 ml MeOH and transferred to the reaction vial
via a nitrogen filled syringe to initiate polymerization. The total volume used was 15 ml with a final
concentration of Cu(ll)Cl;:1.3 mM, PMDETA: 2.6 mM, Na,SOs;: 5 mM and DMAEMA: 1.4 M. Sampling of
different reaction times to obtain various DMAEMA brush lengths, was controlled by the depth of the wafer
in the reaction mixture. After reaction the wafer was briefly washed in pristine solvent (MeOH/H,0), water
and EtOH.

SI-SARA-ATRP on PDMS

Preparation and pretreatment of setup

PDMS films of Elastosil RT 625 were prepared by mixing 12 g part A with 1.33 g part B. The reagents were
mixed by speedmixer at 2700 rpm for 3 min. The mixture was poured into a steel support fitted with an
aluminum frame and then placed in an oven at 100 °C for 60 min. After curing the setup was left to cool
to RT.

Attachment of Initiator

A 10 mg/ml solution in THF/MeOH (1:4, v:v) of the BPh SI-ATRP initiator (synthesized in “Synthesis of BPh
SI-ATRP initiator”) was spread across the PDMS surface (ca. 12 ml). The setup was agitated at 200 rpm
while exposed to UV-light (A =365 nm, 10 mW/cm?) for 30 min. at 25 °C. The surface was then washed
with MeOH while agitated at 200 rpm at RT for 15 min. followed by rinsing with MeOH, water and EtOH
before being dried under air flow. The metal frame was removed and high standing edges of the PDMS
film was removed using a scalpel. The setup was then fitted with a well plate and fixed with screws.

64



Experimental Section

General procedure for SI-SARA-ATRP

To each well was added 40 pl of a 2.8 M DMAEMA in MeOH/H,0 (1:1, v:v), 20 ul solvent (MeOH/H,0
(1:1, v:v)), 10 pl 10.4 mM Cu(Il)Cl/20.8 mM PMDETA in MeOH/H,0 (1:1, v:v). To initiate polymerization
10 pl of 40 mM Na,SO3 in MeOH/H,0 (1:1, v:v) was added. The platform was left under orbital shaking at
200 rpm at 24 °C for a predetermined reaction time. Different brush lengths of DMAEMA was achieved
through removal of reaction mixture of the wells at predetermined times and replaced with solvent
(MeOH/H,0 (1:1, v:v)). After end polymerization the well were emptied and the wells were washed
excessively with solvent (MeOH/H20 (1:1, v:v)). In addition, all wells were refilled with pristine solvent
mixture and left shaking at 200 rpm at RT for 15 min. The rinsing procedure was repeated with H,0, where
after the wells were filled with H,O and shaken at 200 rpm at RT for 15 min to remove any residual
solvents. The setup was left to dry in vacuum oven at RT overnight.

General procedure for quaternization of DMAEMA brushes

Quaternization of DMAEMA was done using 80 ul of a 3 M stock solution of the following alkyl halides in
their respective solvents: iodomethane (MeOH), 1-bromobutane (MeOH), 1-bromooctane (Et;0), 1-
bromodecane (Et,0) and 2-bromoethyl methyl ether (MeOH). The platform was covered with parafilm to
avoid evaporation and left under orbital shaking at 200 rpm at 40 °C overnight. Thereafter, the reaction
mixture was removed, and wells were washed excessively with solvent (MeOH). In addition, all wells were
refilled with pristine solvent mixture and left shaking at 200 rpm at RT for 15 min. The rinsing procedure
was repeated with H,O, where after the wells were filled with H,O and shaken at 200 rpm at RT for 15
min to remove any residual solvents. The setup was left to dry in vacuum oven at RT overnight.

Synthesis of P1QC1

Polymer P1 (80.0 g) and EtOH (300.0 ml) was a added to a 1000 ml round bottomed flask and stirred with
a magnetic stir bar at 45 °C until the polymer was dissolved. lodomethane (35.0 ml) was then added slowly
to the mixture and the setup was fitted with a condenser and heated to 60 °C and left under magnetic
stirring for 3 days. The reaction was stopped by letting the mixture cool. The supernatant was decanted
off and the polymer was dissolved in water (150 ml) while heating the mixture to 60 °C. The mixture was
then cooled and subsequently precipitated in a beaker in acetone (ca. 2000 ml). The beaker was left in
the freezer for ca. 15 min. to allow full precipitation. The liquid was decanted off and the product was
washed with acetone thrice (ca. 150 ml) and dried in vacuum oven at RT for 2 days. The product was
obtained as a yellow solid (111.60 g, 81% yield). *H-NMR (8, ppm, 300 MHz, D,0): 9.06 (br s, 1H), 7.60 (br
s, 2.07 H), 2.95 (br m, 14.23 H).

Synthesis of P1QC4

Polymer P1 (0.500 g) and EtOH (9.0 ml) was added to a 25 ml round bottomed flask and stirred with a
magnetic stir bar at 45 °C until the polymer was dissolved. 1-bromobutane (0.361 ml, 3.35 mmol) was
then added to the mixture and the setup was fitted with a condenser and heated to 60 °C for 3 days. The
reaction was stopped by letting the mixture cool and most of the solvent was removed by evaporation in
vacuo. The mixture was then precipitated in diethyl ether (ca. 150 ml). The beaker was left in freezer for
ca. 15 min. to allow full precipitation. The solvent was decanted off and the product was dried in vacuum
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oven at RT for 3 days. The product was obtained as an off white solid (0.420 g, 49% vyield). *H-NMR (8,
ppm, 300 MHz, D,0): 7.82 (br m, 3.00 H), 2.70 (br m, 14.08 H), 0.92 (s, 1.74 H).

Synthesis of P2QC4

Polymer P2QC4 was synthesized in accordance with the procedure of “Synthesis of P1QC4” in which P2
(0.500 g), EtOH (2.0 ml), 1-bromobutane (0.223 ml, 2.07 mmol) were used. Off-white solid (0.452 g, 63%
yield). *H-NMR (8, ppm, 300 MHz, D,0): 8.12 (br m, 3 H), 2.93 (br m, 26.53 H), 0.94 (s, 2.15 H)

Synthesis of P3QC4

Polymer P3QC4 was synthesized in accordance with the procedure of “Synthesis of P1QC4” in which P3
(0.500 g), Acetonitrile (4.0 ml), 1-bromobutane (0.0991 ml, 0.918 mmol) were used. White solid (0.506 g,
85% yield). *H-NMR (8, ppm, 300 MHz, D,0): 3.38 (m, 12.00 H), 1.73 (m, 20.13 H).
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ABSTRACT: Screening platforms have become a valuable
tool for exploring large libraries of surface chemistries helping
the discovery of new materials for especially biological
applications. Methods applied in these platforms, however,
are mainly based on inert bulk synthesis at picoliter scale,
resulting in noncovalently attached molecules on stiff glass
substrates. This is a poor representation of a potential final
product from an industrial perspective. To overcome this, we
have developed a screening platform capable of conducting
UV-initiated free radical polymerization (FRP) directly onto a
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flexible polyurethane under ambient conditions. The platform allows for the study of solvent and monomer effects under
industrially relevant conditions and was used to graft a series of homo- and copolymer systems (2,2,2-trifluoroethyl methacrylate
(TrFEMA), N-isopropylacrylamide (NIPAAm), diethylene glycol methyl ether methacrylate-co-poly(ethylene glycol) methyl
ether methacrylate, (MDEGMA-co-MPEGMA), and acrylic acid (AA)), which was confirmed by both water contact angle
(WCA) and X-ray photoelectron spectroscopy (XPS) analysis. The versatility of the system was further demonstrated through
investigation of terpolymer systems and direct evaluation of their antifouling properties using a fluorescein-labeled bovine serum

albumin (BSA).
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B INTRODUCTION

A determining factor for a material’s potential application is its
surface physical and chemical properties and being able to
tailor these properties allows for a significant expansion of the
range of application. Polymers are often used as inexpensive
bulk materials with good mechanical properties but do not
necessarily comprise the desired surface properties—especially
when used in biological environments, where there are specific
requirements to surface chemistry and topology in order for
the material to be compatible with the surroundings or
promote certain interactions. ~* The complexity of these
systems makes discovery of novel materials a tedious and time-
consuming process that requires testing of hundreds if not
thousands of different formulations to find suitable candidates
even through a rational design approach. To accelerate
development and to illuminate nonintuitive structure—
property relationships, the use of screening platforms has
become a popular method of choice either for determination of
interactions with cells and proteins™® as well as enzymes’ or
for determination of surface properties of polymers.” " Large
chemical libraries can be obtained through systematic and
combinatorial mixing of compounds. For polymer grafting,
such platforms are often based on automated picoliter scale
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synthesis conducted on glass slides under inert atmos-
phere.'”"* The small scale allows for hundreds of samples
to be placed on a single glass slide with minimum use of
material. The small volume, however, imposes the limitation
that polymerizations are run under bulk conditions without the
use of solvents. Such methods are therefore restricted to
investigate monomer ratios and not effects of polymerization
conditions such as concentrations and solvents. The inert
conditions used during polymerization are also difficult to
obtain at an industrial scale, and therefore to better simulate
the final product, polymerizations should be conducted under
an ambient atmosphere. In addition, glass as a substrate cannot
directly be compared to surface modification of polymer
substrates, and such systems will therefore only be model
systems. This is especially important when working with cell
scaffolds where the flexibility of the matrix and substrate is very
important for e.g. cell proliferation.'>'®

The aim of this work was therefore to develop a screening
platform along with a suitable method able to conduct surface
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Figure 1. Schematic representation of screening platform (left) and bottom view showing milled edges around the wells (right), where a is the well

plate, b is the polymer substrate, and c is a supporting stainless steel plate.

modifications under normal atmosphere directly onto a flexible
polymer substrate for combinatorial investigations of both
homo- and copolymer systems. To further enable testing of
solvents and monomer concentrations on a flexible substrate,
the design had to comprise chemical and heat resistant parts
and with reaction vessel dimensions of at least microliter
volume. The platform thereby presents the opportunity to
screen polymer surface modifications and conditions through
the use of an industrially relevant process.

B EXPERIMENTAL SECTION

Materials. All chemicals and solvents were of analytical grade and
were used without further purification as obtained from commercial
suppliers, unless stated otherwise. Inhibitors were removed from the
monomers prior to use by passing them through a short plug flow
column of basic alumina.

Characterization. Water contact angle measurements was
conducted on a Dataphysics Contact Angle System OCA 20. Static
contact angles were measured on a droplet of 4 uL Millipore water. X-
ray photoelectron spectroscopy (XPS) was performed on a Thermo
Fisher Scientific K Alpha (East Grinstead, UK) using monochrom-
atized aluminum KR radiation in a 400 m spot on the sample. Survey
and high-resolution spectra were acquired and analyzed using the
manufacturer’s Avantage software package. Fluorescence intensity
measurements and UV—vis spectroscopy were performed on a
POLARstar Omega from BMG Labtech, where fluorescence measure-
ments were conducted using an excitation filter at 485 nm and an
emission filter at 520 nm scanning across the surface in a matrix scan
of 10 X 10. Differential scanning calorimetry (DSC) was performed
on a DSCQI1000 from TA Instruments. The thermal analyses were
performed at a heating and cooling rate of 10 K/min. The melting
temperatures (T,) are reported as the peak temperatures of the
endothermic melting peaks. Glass transition temperatures (T,) were
measured at the inflection point.

One way analysis of variance (ANOVA) was done in Minitab 18
using the Tukey method with a 95% confidence interval to calculate
statistically significant differences between a set of obtained values.

Preparation of the Screening Platform. The screening
platform consists of two individual metal plates: a top plate (a) and
a bottom plate (c) (see Figure 1). The top plate was made from
aluminum with dimensions 127.7 X 85.5 X 7.0 mm?® and contains 96
wells with a diameter of 6.1 mm and 12 holes for screws with a
diameter of 3.3 mm. On the bottom side of the top plate, metal rings
around each well were milled in a height of 0.5 mm. Furthermore, the
top plate was coated with an Accofal 2G54 Teflon coating from

ACCOAT a/s. The bottom plate was made from stainless steel with
dimensions of 127.7 X 85.5 X 3.0 mm®.

Preparation and Pretreatment of Setup. A PU plate was cut
into suitable dimensions and washed with first ethanol and then
acetone and left to dry for a few minutes. The PU substrate was then
placed between the top and bottom plate and fixed with screws. The
setup was heated at 155 °C for 15 min, and the screws were tightened
before increasing the temperature to 160 °C for another 60 min. The
screws were tightened once more, and the setup was left to cool to
room temperature.

Embedding of Photoinitiator. To each well 80 yL of a 0.5 M
stock solution of Irgacure 2959 in THF/MeOH (1:4, v:v) was added.
The solution was left to evaporate overnight in the dark, resulting in
solvent casting of the photoinitiator in the polymer surface.

General Procedure for Polymer Grafting. A stock solution of
3.0 M acrylic acid in H,0/MeOH (1:1, v:v) was made and 0—55 uL
of this solution were added in to their respective wells. The solution
was diluted with H,O0/MeOH (1:1, v:v) to give a total volume of 80
uL. The plate was left under orbital shaking for S min at 200 rpm at
25 °C in a Hettich Benelux Cooling Thermomixer MKR 13.
Thereafter, the plate was exposed to UV-light (4 = 365 nm, 10 mW/
cm?) for 30 min at 25 °C under continued shaking at 200 rpm.
Thereafter, the reaction mixture was removed, and wells were washed
excessively with solvent (H,0/MeOH (1:1, v:v)). In addition, all
wells were refilled with pristine solvent mixture and left shaking at 200
rpm at RT for 15 min The rinsing procedure was repeated with H,O,
where after the wells were filled with H,O and shaken at 200 rpm at
RT for 15 min to remove any residual solvents. The top plate was
removed and replaced with an aluminum frame, which was fixed with
screws and covered with aluminum foil. The setup was left to dry in a
vacuum oven at RT overnight. All samples were conducted in
triplicates. Different solvents were used for specific monomers as
follows: AA: H,O/MeOH (1:1, v:v); NIPAAm: H,0/MeOH (1:1,
viv); MDEGMA-co-MPEGMA 500: H,0/MeOH (1:1, v:v);
TrFEMA-co-MAA-co-MPEGMA 500: EtOH.

Antifouling Test. A surface was exposed to a solution of 0.04 mg/
mL fluorescein-labeled BSA in PBS buffer and left for 2 h at RT. The
plate was covered with aluminum foil to reduce evaporation and to
prevent the solution from drying out. The sample was then washed
excessively with PBS buffer and dried in air. The fluorescence
intensity was measured by using an excitation wavelength of 485 nm
and an emission wavelength of 520 nm.

B RESULTS AND DISCUSSION

To enable testing of different polymerization conditions, an
inert holder that would allow parallelization of experiments in
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Figure 2. Schematic representation of embedding of photoinitiator into polymer substrate followed by grafting of monomer through UV activation.
The illustrated surface modifications are (1) 2,2,2-trifluoroethyl methacrylate (TrFEMA), (2) N-isopropylacrylamide (NIPAAm), (3) diethylene
glycol methyl ether methacrylate-co-poly(ethylene glycol) methyl ether methacrylate, M, = 500 (MDEGMA-co-MPEGMA 500), (4) acrylic acid

(AA), and (5) MAA-co-MPEGMA 500-co-TrFEMA.

separate vessels was required. As an additional restraint, the
intended platform was required to be able to handle a broad
range of solvents as well as to be suitable for semicrystalline
plastics such as polyurethanes with melting points above 150
°C. The design of the platform was based on a standard 96-
well microtiter plate and was divided into three separate parts
as can be seen in Figure 1.

The top plate (a) was made from aluminum and comprises
96 wells with an inner diameter of 6.1 mm and a height of 7.0
mm, giving a well volume of ~200 yL. The well size in this
platform permits microliter scale experiments, opening the
possibility to investigate the influence of solvents as well as
monomer concentrations. A Teflon coating was applied to
plate (a) to provide a nonstick surface, allowing it to be
detached after polymerization without compromising the
grafted surface and to access the samples for analysis. The
coating also makes for an easy-to-clean surface, permitting it to
be reused after each experiment. When assembling the setup,
the polymer substrate (b) was placed in-between plate (a) and
the steel support (c) and held together by screws. Having the
polymer as a separate part makes switching between substrates
a simple process within one platform, making it possible to test
the same conditions on various materials—the only require-
ment being that the substrate can be made into a film or sheet.
To prevent leakage and potential mixing of contents, a tight
seal between polymer and plate (a) was secured with a thin

metal rim around each well on the bottom side of plate (a)
(see Figure 1, right). During the thermal treatment, the setup
is heated to 160 °C, just below the melting point of the
polymer, which in this case is a PU (T, = 166 °C). This
softens the substrate and, in combination with pressure from
the screws, allows the metal rims to submerge into the polymer
film, effectively sealing off each chamber. The high-temper-
ature treatment additionally also straightened out any uneven-
ness in the film resulting from processing ensured a good
adhesion of the polymer film to the stainless steel support.
Such unevenness in film thickness commonly result from
release of internal stress after processing, which it is critical to
remove to ensure an efficient sealing across the entire surface.
Therefore, the heat treatment was important with respect to
both sealing the system and to obtain a flat homogeneous
surface.

Activation of and Grafting onto Polyurethane. Most
polymer surfaces are inert by nature and require activation
through implementation of functional groups or initiating
species to facilitate modification by polymerization. This can
be done through a stepwise activation and subsequent
polymerization as is commonly done by use of controlled
radical methods such as surface-initiated atom transfer radical
polymerization,"’~"” which provides high control for mod-
ification of surfaces.”””>* Such processes typically require inert
conditions, which is not always possible in an industrial setting.
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Figure 3. WCA and XPS data of PU surface modified with AA (A, D), MDEGMA-co-MPEGMA 500 (B, E), and TrFEMA (C, F).

In this case, we have evaluated the use of direct grafting using
photoinitiators under ambient conditions using the screening
platform. Such systems have been applied for modification of
polymer surfaces.”””* Some monomers are more tolerant to
oxygen during polymerization, and identification of such
systems would be of significant industrial interest for coating
applications of thin surface coatings. Therefore, the polymer
surface was activated for polymerization by embedding a
photoinitiator, Irgacure 2959, into the polymer surface by
solution casting, as shown in Figure 2.

The initiator was dissolved in a mixture of THF/MeOH
(1:4, v:v), where THF serves the purpose of slightly dissolving
the PU substrate, while MeOH swells it. Because of this
combination of solvents, solution casting of the photoinitiator
solution onto the PU surface, results in embedment of the
photoinitiator into the outer layers of the surface. Sub-
sequently, it can be functionalized through photoinitiated free
radical polymerization with various monomer solutions. By
exposure of the entire system to UV light, grafting of
monomers from and into the polymer surface takes place,
resulting in formation of thin layers of surface grafted polymers
as illustrated in Figure 2. Through this method, the formation
of radicals is mainly occurring in close proximity to the surface
of the substrate. This therefore limits the formation of
nongrafted homopolymer compared to having the initiator
added as a reagent in solution. This was also confirmed by
analysis of the polymerization solutions after grafting, which
contained no detectable amounts of free polymer (by SEC and
NMR). After completed surface grafting, the detachable top
plate (a) can be removed, enabling the surface to be analyzed
by various classical analytical tools for surface analysis, such as
WCA measurements, XPS, fluorescence intensity spectroscopy,
and UV—vis spectroscopy. Because the top plate is only

mechanically bonded, it is possible to disassemble the structure
without risking polluting the surface with polymer fragments
originating from adhesives or other types of sealants as is
commonly used in other applications.

To investigate the possibilities of grafting commonly used
acrylic and methacrylic monomers onto surfaces under
ambient conditions, a range of different monomers were
attempted grafted to the PU surface by using UV-initiated free
radical polymerization. Initially, acrylic acid (AA) was grafted
to the PU using a series of AA feed concentrations in an
attempt to create a hydrophilic surface by introduction of
carboxylic acid functionalities. Investigations of the effect of
feed concentration with respect to hydrophilicity and
elemental surface composition were done through WCA and
XPS analysis, which can be seen in Figures 3A and 3D,
respectively. The WCAs obtained for the grafted surfaces
ranged between 89° and 40°, which is substantially lower than
that of the pristine polyurethane surface (104°). The lowest
WCA of 40° was observed at 1.31 M, reflecting a clear shift
from a hydrophobic to a hydrophilic surface and at the same
time illustrating the importance of testing of different
concentrations of monomers for surface grafting reactions.
The grafting was further confirmed by XPS (Figure 3D),
showing higher oxygen content and no nitrogen atoms in the
surface, corresponding to the structure of a surface grafted
layer of poly(AA). This was further corroborated by FT-IR
measurements of the grafted polymers (Figure S2). The
presence of surface grafted AA was confirmed by a broad OH
stretch for all samples (2300—3600 cm™') as well as a
characteristic change to the carbonyl stretch resulting from the
carbonyl in AA (1700 cm™). In addition, also the effect of
increasing the AA concentration in the feed was reflected in an
increasing strength of the bands assigned to the PAA. In

DOI: 10.1021/acsapm.9b00744
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acsapm.9b00744/suppl_file/ap9b00744_si_001.pdf
http://dx.doi.org/10.1021/acsapm.9b00744

ACS Applied Polymer Materials

0.00 M 0.75M

225M 3.00M

Figure 4. Microscopy images of TrTFEMA modified PU at monomer feed concentrations of 0, 0.75, 2.25, and 3.00 M.

addition, WCA measurements (Figure 3A) show a trend of
decreasing contact angle with increasing monomer concen-
tration, suggesting a higher degree of polymerization at higher
monomer concentrations (as expected). ANOVA analysis
revealed significant differences not only between the pristine
and modified surface but also between individual monomer
concentrations, which distribute into three separate groups.
Concentrations from 0.19 to 0.56 M group together in
category A along with the pristine surface, showing that these
concentrations only led to a minor change in surface
hydrophilicity. Experiments conducted at concentrations of
0.75—0.91 M showed some impact on the WCA and were
grouped together in the intermediate category BC. At high
concentrations of 1.31, 1.69, and 2.06 M a clear impact of
grafting was observed by significantly reduced contact angles,
and these group together in groups E, CDE, and DE,
respectively.

Coatings containing poly(ethylene glycol) (PEG) have been
of great interest in the field of biomedical devices due to not
only their ability to create low friction surfaces but also their
biocompatibility and being FDA approved.”” Through
parallelization in the screening platform, copolymers of
diethylene glycol methyl ether methacrylate (MDEGMA)
and poly(ethylene glycol) methyl ether methacrylate (MPEG-
MA 500) were therefore prepared at various feed ratios of the
two monomers. The relation between feed composition and
WCA was investigated along with XPS analysis as shown in
Figures 3B and 3E, respectively. A decrease in WCA was
observed as MDEGMA was replaced with increasing amounts
of MPEGMA (M, = 500 g/mol) throughout the series. This
was expected due to the longer PEG side chain in MPEGMA,
resulting in a more hydrophilic monomer. However, only a
minor decrease in contact angle from 104° for the pristine
surface to 101° at 100 mol % MDEGMA was seen, which
reduced to 66° for the 6.25/93.75 mol % MDEGMA/
MPEGMA copolymer. In general, one would expect a much
lower contact angle for these hydrophilic monomers. Similarly,
the XPS data (see Figure 3E) only showed a minor increase in
oxygen, while the nitrogen peak from the PU substrate was still
visible. In combination, this indicates that only a very thin
coating of the hydrophilic monomers was formed on the PU.
This was also corroborated in the FT-IR data (Figure S4),
where no significant differences were observed, though the
similarity in composition of the monomers and the PU
substrate makes small differences difficult to confirm. The
statistical analysis of the WCAs showed that no significant
difference can be found between the pristine and modified
surfaces, which all belongs within group A with the exception
of 625 mol % MDEGMA, even though a general trend of
decreasing WCA was observed across the series. Grafting
under ambient conditions can therefore only be concluded to
result in a very thin layer of poly(PEGMA) or poly-

(MDEGMA), though this is sufficient to change the immediate
surface chemistry (WCA measurements).

Conversely, hydrophobic surfaces can be prepared through
grafting of fluoride containing monomers. As an example of a
fluorinated monomer, 2,2,2-trifluoroethyl methacrylate (TrFE-
MA) was grafted at various monomer feed concentrations to
create a low energy surface. The WCA and the atomic fluor
composition of the surface were measured, and the results can
be seen in Figures 3C and 3F, respectively. The contact angle
increased with increasing monomer concentration from 109°
at 0.38 M to 116° at 3 M. The pristine surface was assigned by
ANOVA analysis to group F, which does not appear at any of
the data points obtained, indicating that all modified surfaces
were significantly different from the pristine surface. Even at
low concentration of 0.38 M, the contact angle was
significantly different from that of the pristine surface. The
trend shown for the WCA measurements indicates an
increasing hydrophobicity of the surface, which would be
expected to correlate with an increasing fluorine content.
However, XPS analyses of the surfaces showed that this was
not the case (Figure 3F). Fluorine is seen for most of the
samples, though the concentration does not appear to follow a
trend. Optical microscopy images of the samples (Figure 4)
reveal that this is due to an uneven coverage of polymer on the
surface. The grafting conducted on the surface was incomplete
and formed aggregates, which are seen as black dots in Figure
4.

The aggregates increases in size and become more dominant
with increasing monomer concentration, explaining the
increase in WCAs. Analyzing the surfaces by FT-IR only
showed insignificant changes in the spectra with increasing
concentration, reflecting the incomplete reaction of the
monomer. In conclusion, the fluorine monomer cannot be
grafted in a homogeneous layer under ambient conditions even
though the polymerization does result in a minor increase in
the WCA.

A similar often-used monomer is N-isopropylacrylamide
(NIPAAm), which, in addition to changing hydrophilicity
upon thermal stimuli in solution, has been shown to have great
potential for controlled drug delivery systems and nano-
filtration membranes.”**” The polymer in solution has a lower
critical solution temperature (LCST) of 31—33 °C, resulting in
hydrophobic properties above this point and hydrophilic
properties below. The transition is caused by a rearrangement
of the polymer chains starting as a linear conformation at low
temperature, where amide groups can form hydrogen bonds to
water. Increasing the temperature creates inter- and intra-
molecular hydrogen bonds, forcing the polymer into a coiled
structure, leaving only the hydrophobic backbone exposed.
Grafting of the monomer was similarly conducted in a series of
monomer feed concentrations with subsequent WCA and XPS
analysis as presented in Figures SA and SB, respectively. To
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show that the thermoresponsive properties can be transferred
to the polymer surface, the WCA of the NIPAAm modified PU
was also measured both above and below the LCST (see
Figure SC).

NIPAAm concentrations were varied within the range 0—
2.06 M in the feed, and from this experiment, an important
limitation concerning monomer concentration was observed.
When the NIPAAm concentration was increased above 1 M,
cross-linking occurred, resulting in large gel formations on the
surface (see Figure S1). The gels did not adhere well to the
substrate and had poor mechanical stability. This demonstrates
that the monomer concentration is an important parameter to
consider and has great influence for the outcome of the
polymer coating. Because of this cross-linking at high
monomer concentrations, the XPS analysis was therefore

performed at 0.56 M, below the gel point. From Figure 5B, the
ratio between oxygen and carbon (O/C) and nitrogen and
carbon (N/C) can be calculated to 0.15 and 0.12, respectively.
This corresponds to that of NIPAAm, which have an O/C and
N/C ratio of 0.14. This was also corroborated by FT-IR
(Figure S5), where a clear NH stretch (3300 cm™') was seen
for all concentrations below the gelation point. The
thermoresponsive properties were observed by WCA measure-
ments for one of the surfaces (NIPAAm, 0.56 M). At high
temperature (60 °C), the modified surface showed a WCA of
59°, which was reduced to only 22° at 10 °C (Figure SC). This
clearly shows that the surface is thermoresponsive, though the
transition appear at lower temperatures, compared to the
typically observed LCST for NIPAAm. LCST's have been seen
to vary according to molecular weight and structure of the
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a 0.04 mg/mL PBS solution.

polymer, and it is hypothesized that this may be the reason for systems illustrating the amphiphilicity of the surface. There-
the observed deviation. fore, no significant difference between the modified and the
Overall, it can be concluded that some monomers (AA, pristine surface was found from the ANOVA analysis, with the
NIPAAm) effectively can be grafted in homopolymerization to exception at 6.25 and 12.5 mol % TrFEMA (see Figure 6F).
the PU surface under ambient conditions, while others are less Figures 6G, 6H and 6I illustrate the level of fluor in each
efficient (PEGMA, MDEGMA, and TrFEMA). sample for terpolymer set A, B, and C, respectively. A linear
Antifouling Amphiphilic Surface. Screening platforms trend with a steady increase in fluor with respect to increasing
are ideal for creating large libraries of complex systems in mol % of TrFEMA was expected for all terpolymer systems,
combination with parallelized analysis. To illustrate the but only terpolymer C showed this trend clearly. In Figure 6G,
possibility to do combinatorial studies, three monomers were the fluor content is very low, and the grafting appears to be
tested a surface coating: methacrylic acid (MAA), 2,2,2- sporadic, whereas for Figure 6H, a trend was initially seen but
trifluoroethyl methacrylate (TrFEMA), and MPEGMA 500. with the last two samples slightly decreasing. Terpolymer set C
The selection was based on the fact that polymer coatings obtained a gradual increase in fluor with a maximum of 7.1
comprising both hydrophobic and hydrophilic segments have atom %. This is attributed to TTFEMA copolymerizing better
proven to be effective in preventing fouling from e.g. marine with MPEGMA 500 than MAA. Between the three sets of
life.”™*° The intention of this study was therefore to surfaces, a higher content of fluor is therefore seen for higher
investigate the optimal formulation to prevent fouling against contents of MPEGMA 500.
a fluorescein labeled bovine serum albumin protein (BSA). For To test the antifouling properties, the modified surfaces were

each monomer, stock solutions of 1 M concentration in EtOH exposed to a 0.04 mg/mL fluorescein labeled BSA protein

were made, and the ratios of monomers were systematically phosphate.-bulﬁered.saline (PBS) solution. The mean value of
varied throughout three sets of terpolymer systems named A, the r<?sult‘1ng intensity for terpolymer set.s A, B, and C can be
B, and C (see Figure 6A— C). The sets all contained different seen in Flgures 74, 7B, .and 7C, respectively. . o

base levels of MPEGMA 500 at 12.5, 25.0, and 37.5 mol % for Comparing the analytical data and the obtained antifouling
A, B, and C, respectively. Tuning the hydrophobicity was done study showed t}.lat copolymers purely Of. MPEGMA 500 and
by adding MAA and TrFEMA in various ratios to give nine TrFEMA gave in general the best fouling resistance for all
formulations for each set, providing a total of 27 formulations. terpolymer systems. The llower tbe feed concentration F’fw
The obtained WCA and fluor content from XPS of each was, the better the fouling resistance became. An intuitive

formulation for A, B, and C can be viewed in Figures 6D—F explanation would be that MAA was able to create either
and 6G-1, respectively hydrogen bonds or electrostatic interaction with the protein
, .

The outcome of the WCA of terpolymer sets A and B was through carboxylic acid groups (COO”/COOH). Thereby,
heavily influenced by the presence of hydrophobic TrFEMA even small contents of MAA would create binding sites for the
el .
even at small feed concentrations (see Figure 6D,E). The protein to adhere.

contact angle of the samples barely deviated from that of the
pristine surface, which was also seen from the ANOVA B CONCLUSION

analysis. This was an unexpected result, considering that both A new screening platform capable of modifying a thermoplastic
MAA and MPEGMA 500 are both hydrophilic and present in polyurethane via UV-initiated FRP under ambient conditions
high concentrations, and a lower contact angle should be was developed. The setup comprises 96 reaction wells and was
observed. A minor exception to this was the samples at 0 and demonstrated with a series of acrylate and methacrylate

6.25 mol % TrFEMA in Figure 6E, which obtained a WCA of monomers using WCA, FT-IR, and XPS data to validate the
85° and 90°, respectively. The ANOVA analysis shows that the outcome of the polymerizations. The system allowed for

contact angles are significantly different from that of the investigations of the influence of feed concentration in relation
pristine surface but quickly rises to above 100° at 12.5 mol % to surface wettability. Through ANOVA, a clear correlation
TrFEMA (see Figure 6E). between WCA and feed concentration/composition were

For terpolymer C, however, the higher MPEGMA 500 found for AA, MDEGMA-co-MPEGMA 500, and TrFEMA.
content of 37.5 mol % was enough to counteract the However, XPS showed that grafting of MDEGMA-co-

hydrophobic effects of TrFEMA, resulting in a substantial MPEGMA 500 and TrFEMA was found to be inefficient,
drop in WCA (see Figure 6F). The high content of MPEGMA leading to aggregates on the surface in the case of TrFEMA.
500 additionally increased the observed hysteresis of the Additionally, for NIPAAm systems, it was found that

G DOI: 10.1021/acsapm.9b00744
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concentrations above 0.94 M resulted in cross-linking and
proved to be an important factor for optimal grafting for this
type of monomer, underlining the importance of screening
polymerization conditions. Finally, a combinatorial screening
of amphiphilic terpolymer systems comprising TrFEMA-co-
MAA-co-MPEGMA 500 was conducted, illustrating how
combining monomers can beneficially improve the outcome
of the polymerizations under ambient conditions. For the
terpolymers, compositions containing MAA had higher protein
adhesion compared to those consisting only of TrFEMA-co-
MPEGMA 500. This was attributed to hydrogen bonding/
ionic interactions through the carboxylic moiety of the MAA.

The platform can be adapted to fit different polymer
substrates and is resistant to both heat and chemicals and
represents a new and useful tool in the discovery of novel
surface modifications for polymeric materials in an industrially
relevant setting.
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Appendix 1 Sl Info

Appendix 1.2 Supporting Information

Figure S1 PU surface modified with NIPAAm showing gelation at high monomer feed concentration.
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Figure S2 FT-IR spectra of AA modified PU at concentration ranging from 0.19 to 2.06 M.
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Figure S3 FT-IR spectra of MDEGMA-co-MPEGMA 500 modified PU at ratios ranging from 0 to 100% MDEGMA.
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Figure S4 FT-IR spectra of TrTFEMA modified PU at concentration ranging from 0.38 to 3.00 M.
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Appendix 2

Appendix 2.1 Literature Survey

Non leaching Antimicrobial Polymer Surfaces
Reading guide

This literature survey is meant to give an overview of the current state of the art of antimicrobial surface modifications to polymer surfaces. The tables
are categorized according to polymer substrate so that e.g. all PDMS substrates are collected in one table and so forth. Surfaces with less than six
references are collected under miscellaneous. The scope comprises surface modifications, which are non-leaching and have been biologically tested
either in vitro and/or in vivo. Cytotoxicity and biocompatibility is stated if addressed in the publications. The antimicrobial properties have been divided
into in vitro results of bactericidal activity and adhesion reduction and in vivo studies. A brief summary of the surface modification method applied and
an illustration of the final chemical structure is provided. It should be noted that patents have generally not been included in this literature study.
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Abbreviations

AG
AGE
AIBN
AMP
AMPS
APC
ARGET-ATRP
ATRP
BBC
BFG
BIBB
BisGMA
BP
BPBriBu
BSA
CBMA
CCTP
CDIP
CFU
CHI
CMBC
DA
DHP
DMAmM
DNase |
DOPA
ED
ePTFE
FBG

FG

FRP

Agarose

Allyl glycidyl ether
2,2'-Azobis(2-methylpropionitrile)
Antimicrobial peptide
2-Acrylamido-2-methyl-1-propanesulfonic acid
Aminated polycarboantes

Activators regenerated by electron transfer atom transfer radical polymerization

Atom transfer radical polymerization
4-Bromobutyrylchloride

Bovine serum fibrinogen
2-Bromoisobutyryl bromide
Bisphenol A diglycidyl methacrylate
Benzophenone

2-Benzophenonyl bromoisobutyrate
Bovine serum albumin

Carboxy betaine methacrylate
Catalytic chain transfer polymerization
Chlorodimethylisopropylsilane
Colony-forming units

Chitosan

4-(Chloromethyl)benzoyl chloride
Dopamine
5-Methylene-1-(prop-2-enoyl)-4-(2-fluorophenyl)-dihydropyrrol-2-one
Dimethylacrylamide
Deoxyribonuclease

Dopamine

Ethylene diamine

Expanded poly(tetrafluoroethylene)
Bovine plasma fibrinogen

Fibrinogen

Free radical polymerization
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HEA-CI
HEMA
HMDI

IgG

LbL

MA
MPEGMA
MPEGAmM
MRSA
MW
NH2MA
oD
ODDMAC
OX

PAA

PAN

PBA

PBS

PBSu
PCL

PDA
PDMAEMA
P(DMAPS)
PDMS

PE

PEG
PEGDA
PEI

PEN

PES

PET

PHA

2-(Methyl-2'-chloropropionato) ethyl acrylate
2-Hydroxyethylmethacrylate

Hexamethylene diisocyanate
Immunoglobulin G

Layer-by-layer

Maleic anhydride

Poly(ethylene glycol) methyl ether methacrylate
Methoxypolyethyleneglycol acrylamide
Methicillin-resistant Staphylococcus aureus
Molecular weight

2-Aminoethyl methacrylate hydro-chloride
Optical density
Octadecyldimethyl(3-trimethoxysilylpropyl)ammonium chloride
Oxazoline

Poly(acrylic acid)

Poly(acrylonitrile)

Poly(butylene adipate)

Phosphate buffered saline

Poly(butylene succinate)
Poly(e-caprolactone)

Poly(dopamine)

Poly(2-(dimethylamino)ethyl methacrylate)
poly((2-(methacryloyloxy)ethyl)dimethyl-(3-sulfopropyl)ammonium hydroxide)
Poly(dimethyl siloxane)

Poly(ethylene)

Poly(ethylene glycol)

Poly(ethylene glycol) diacrylate
Poly(ethyleneimine)

Penicillin

Poly(ether sulfone)

Poly(ethylene terephthalate)
Poly(hydroxyalkanoate)
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PHB-HV
PHMG
PHMB
PHO

Pl

PIB

PLL
PMMA
PMOXA
PP

PPI

PRP

PS

PTFE
PTL

PU

PVA
PVC
PVF
PVDF
PVP
P(3HB-4HB)
QAS
QCs
RAFT
SBMA
SI-ATRP
SMPS
St

StBP
TBEC
tBu

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
Poly(hexamethylenediamine guanidine hydrochloride
Poly(hexamethylene biguanide)
Poly(hydroxyoctanoate)

Poly(isoprene)

Poly(isobutylene)

Poly(L-lysine)

Poly(methyl methacrylate)
Poly(2-methyl-2-oxazoline)

Poly(propylene)

Poly(propyleneimine)

Platelet rich plasma

Poly(styrene)

Poly(tetrafluroethylene)

Phase-Transited Lysozyme

Poly(urethane)

Poly(vinyl alcohol)

Poly(vinyl chloride)

Poly(vinyl fluoride)

Poly(vinylidene fluoride)

Poly(vinyl pyrollidone)
Poly(3-hydroxybutyrate-co-4- hydroxybutyrate)
Quaternary ammonium siloxanes

Quaternized chitosan

Reversible addition-fragmentation chain-transfer polymerization
Sulfobetaine methacrylate

Surface initiated atom transfer radical polymerization
Surface-modified polystyrene

Styrene

Styryl bisphosphonate

Tert-butylperoxy 2-ethylhexyl carbonate
Tertbutyl
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TBP
TFA
TPGDA
TPP
TsCl
uv
XPS

Tert-butyl peroxide
Trifluoroacetic acid
Tripropylenglycol diacrylate
Tripolyphosphate
p-Toluenesulfonyl chiroide
Ultra violet

X-ray photoelectron spectrosco
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Figures and symbols

Substrate surface

Interface between
chemical |gyers of X and Y

A bilayer comprised of Xand Y
applied to @ substrate Z times.

A wavy line defines a non-
covalent attachment of X.

Beads or particles

X
BEREVERES

X >
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Appendix 2 Miscellaneous

Table 1 Miscellaneous coatings

Structure

Tethering Method

In vitro results

Bactericidal activity

Adhesion reduction

In vivo results

Cytotox., biocomp. Ref.
and remarks

[aa]
=
I
o

T~

Dental resin

A

BisGVA' \_on

o
j%;go o pb
0
\

: NH NH

28] -

2 phme = A AL AN, PART Y’r
%)a N n

g

g

=] [0]

[ O,

g £ "oy o NH,
Zolz 2 N\/\/\/@LN OH
t oz o, ¥ "

S E|DS 2

[=p=] iyay
Network

' ' NH
5 )z Y
<%;1>:9 PHGH ™ {y oy~
a T/ o

o
n \
g Ij/ko/\gN(CHz)ﬁ-CHs
=

1) NaOH
2) LbL deposition

Photo
polymerization of
resin formulation

Argon plasma-UV
induced surface
grafting

1) NaOH
2) LbL deposition

Dip coating

gl
E. coli: 100%

g(+) S. aureus: 2.6
log

g(-) E. coli: 3.0 log,
P. aeruginosa: 2.1
log, S. marcescence:
3.1 log Yeast C.
albicans: 0.9 log
Fungi F. solani: 1.0
log

g(+) S. aureus:
100%

g(-) E. coli: 100%

Fungi A. niger:
100%

g(+) S. aureus: 90%,
Bacteria from
saliva: Greatly
reduced Protein
BSA: 20 fold

Non-cytotoxic !
Was able to

eradicate E. coli

within 10 min

Good 3
biocompatibility

Able to eradicate S. 4
aureus after only
30 min.

Quaternization 5
with C6 was also
investigated but
leached from the
surfaces due to
solubility in water.
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Appendix 2 Miscellaneous

I3

P(S-b-IB-b-S)

o
\_I.-/ﬁ\lfDNase |

k\N%

e
o ﬁj
SEENH
2
D.*NHZ
>
o] n
|
07 >p-Chitosan

PSF
gZI
Iz

4

o

2;;;:

e
o
H3N y H
® HN];\/\/NMOWN*Z
O PLL 0//]\
PI
/" y
M
Br
T
PH Ph

1) Initiator BP

2) UV initiated FRP
of CA

3) Peptide coupling

1) FRP
(bezoylperoxide)
2) Solvent cast

N, plasma
treatment

1) Ozone

2) AA
polymerization

3) Grafting of
chitosan via
esterification

1)
Chloromethylation
2)Amination

3) Immobil. Of RAFT
agent

4) RAFT
polymerization,
grafting from

Azide-alkyne “click”
reaction

1) Polymerization
2) End group
conversion

3) Peptide coupling,
grafting to

1) Ring opening of
epoxides
(bromoacetic acid)
2) Nucleophilic
reaction

g(+) S. aureus: >90%
g(-) E. coli: >90%
Yeast

C. Albicans: >90%

g(+) S. aureus:
>99%, MRSA: >99%
g(-) E. coli: >99%, P.
aeruginosa: >99%

g(-) E. Coli: >3.95
log

g(+) S. aureus: 83%
g(-) E.coli: 99.5%

g(+) S. aureus:
97.4%

g(-) E. coli: 99.7%
Protein

BFG: ~1.6 pug/cm?

Protein Albumin:
significant FG:
significant

g(+) S. aureus:
91.41% g(-) E. coli:
90.34%

Protein Human
platelet: complete
suppression of
platelet adhesion,
BSA: 0.03 pg/cm?
(roughly 80%
reduction), FG: 0.28
ug/cm? (roughly
60% reduction)

g(-) E. Coli: >99%

Non-cytotoxic
Good
biocompatibility
Non-cytotoxic
Good

biocompatibility
Non-cytotoxic

Non-cytotoxic 10

Good
biocompatibility

11

12

13

103



Appendix 2 Miscellaneous

Acrylate based

ePTFE

PEG
Hydrogel

P(3HB-4HB)

Chitosan

3D resin
gO
Q,?g

o
S
N—Ceropin A
HO OH

—g—

< (CH2)11-CH3
| @
"~ “(CH2)-CHs
()%

~(CH2)7-CHs

ol

N/\\/(n A
C{yCHa

(CH2)11-CH3

Grafting from, SI-
ATRP

1) Microwave
plasma treatment
with MA

2) PEGylation

3) Esterification
Silane coupling

Thiol-ene

Electrospinning of
polymer blend

Alkylation

1) Argon plasma
treatment

2) OX
polymerization

3) Quaternization

g(+) Bacillus cereus:
No visible colony
forming units g(-)
Escherichia coli: No
visible colony
forming units

g(+) S. aureus:
100%

g(+) Bacillus cereus:
100%, A.
acidoterrestris:
100% g(-) E. coli: ~5
fold reduction

g(-) E. Coli: 99 +1%

g(+) S. aureus:
100%

g(-) E. Coli: 100%
g(+) S. aureus: >6

log g(-) P.
aeruginosa: >6 log

g(+) S aureus:
99.999% g(-)
Escherichia coli:
99.999%

g(+) Bacillus cereus:
<50 bacteria per
mm? g(-)
Escherichia coli: <50
bacteria per mm?

Protein BSA: 80%

Ester bond prone
to hydrolysis
resulted in 32%
loss of PEN.

Cellulose surface
was also
investigated.

Able to kill all
bacteria within 5
min.

Tendency to leach
depending on
cross-linking
degree. More
cross-linking
reduced
antibacterial
activity. Various
alkyl chain lengths
were investigated.
Antibacterial
results achieved
after only 3 min of
contact.

14

15

16

17

18

19

20
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Appendix 2 Miscellaneous

2 o
0 B_O OH
S OH
w R®
E O:IJ-’—O@"——:N
5 Ry
TOH
| 0-P-00
o) R = (CH2)5"CH3
Cross-linked
n (g "\‘/
& O\/\of \O/\/®\
o é@

(&)
>
a

1) Oxygen plasma
2) TPP anchoring
3) QCS cross-linking

1) BP

2) UV photo
grafting, grafting
from

1)
Chloromethylation
2) SI-ATRP, grafting
from

1) NaOH

2) Peptide coupling
of PEI

3) Alkylation
Copolymerization,
FRP

1) Polymer
synthesis

2) FRP (AIBN),
grafting to

g(+) S. aureus: 95%
g(-) P. aeruginosa:
91%

g(-) P. putida: No
bacteria found
Protein BSA:
Remarkably
reduced, Lysozyme:
Remarkably
reduced

Protein BSA:
Significant, FG:
Significant, Platelet:
100%

g(+) S. aureus: >99%

g(+) S. aureus: 98%

g(+) S. epidermidis:
no significant
biofilm formation
g(-) P. aeruginosa:
no significant
biofilm formation
Fungi A. niger: no
significant biofilm
formation

21

22

Non-cytotoxic 2

Good

biocompatibility

Non-cytotoxic 24

26

Modest toxicity 27
level
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Appendix 2 Miscellaneous

1) Polymer - g(-) E. coli: ca. 85% - Latex and silicone 28
synthesis, FRP surfaces were also
(AIBN) tested.

2) Dip coating

PVC

Crosslinked
Q *Sb Thiocyanation - g(+) S. epidermidis: - Non-cytotoxic 2
a W ~90%, S. aureus.
~90%
Ho . HOn \ )"LH Hg' 1) Silane treatment  g(+) S. aureus: - - - 30

. s\/\/bifo—ii/\/\"‘w TN 2) Glutaraldehyde 99.999%, B. subtilis:
s ' « o HHe 3) PHMG 99.999% g(-) P.
&[SM%QO'S%F/VNWNWN\MN%H aeruginosa:

99.999%, A.

baumannii:

99.956%
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Table 2 Poly(dimethyl siloxane) coatings

Structure

Tethering Method

In vitro results

In vivo results

Cytotox., biocomp.
and remarks

Ref.

__Mucin _ ™
PE
z
o,
=}

Lens
o
Iz
3
I
3
Qj\o
[e]
N

o H H o

DS B 8o
NH “Lasio-lll

1) LbL deposition
2) Peptide coupling

1) Gas plasma glow
discharge of
propanal

2) Reductive
amination

3) Michael-type
addition

1) Argon plasma

2) FRP of AGE

3) Amination

4) Peptide coupling
5) Thiol-ene

1) Plasma-activated
CVD of heptylamine
2) Peptide coupling
of PAA

3) Peptide coupling
of 4-azidoaniline

4) Radical grafting

Dip coating

Dip coating

Bactericidal activity
g(+) S. aureus:
95.2%

g(+) E. faecalis: 99%
g(-) E. coli: 99%

Adhesion reduction
Protein BSA: 50%
adhesion reduction

g(+) S. aureus: 92%
g(-) P.aeruginosa:
67%, S. marcescens:
87% Cells
Acanthamoeba sp.:
70%

g(+) S. epidermidis:
78%

g(+) S. aureus:29
1+9%, S. epidermidis:
40 +33% g(-) P.
aeruginosa: 76%

Rabbits: g(+) S.
aureus: significantly
lower infection rate

Human: No
significant
difference. Only
two animals had
infiltration in
control but not in
coated lens. In vivo
human study: No
significant
differences in
redness after 6 h.

Sheep: Was able to
effectively control
infection for up to
65 days.

Mice: g(+) S.
aureus: None of the
polymer brush-
coated discs after

Non-cytotoxicity

Good
biocompatibility

Non-cytotoxic

Low cytotoxicity

Good
biocompatibility

PS substrate was
also investigated
After sacrifice at 84
days no bromine
signal was detected
using XPS on
explants.

P. aeruginosa was
inhibited by 76% for
both pristine and
coated silicone.
Antibiotics might
work better on
loosely adhered S.
aureus on coated

31

32

33

34

35

36
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Appendix 2 PDMS

o
%\COOH
o
o/ H “on %
‘ N
NN
Crosslinked
o g—Tetra sulthydry PEG—Tetra acrylate PEG—S
NN
0 H
113§/

Network

1) PDA

2) Michael addition
and Schiff-base
reaction

1) PDA

2) Tetra sulfhydryl
PEG

3) Thiol-ene with
APC conjugated
tetra acrylate PEG

1) Oxygen plasma
2) Dip coating
followed by UV
curing

1) Argon plasma

2) UV grafting of
AGE

3) Peptide coupling

1) Silane coupling

- g(-) E. coli: 90%, P.
mirabilis: 93%

g(+) S. aureus: -
100% g(-) E. coli:
100%

g(+) S. aureus: -
78+6% g(-) E. coli:
98+1% Yeast C.
Albicans: 31+3%

- g(+) S. aureus: ca. 7
log
g(-) P. aeruginosa:
ca. 7 log

antibiotic treatment
appeared colonized
by staphylococci

Mice: g(+) S.
aureus: Nearly 2-
fold reduction
compared to
uncoated catheter.

Totally implantable
venous access ports
in rats:

g(+) S. aureus: 4-5
log reduction g(-) P.
aeruginosa: 4-5 log

discs compared to

firm attachment to
pristine silicone.

No significant 37
cytotoxicity

Stable in PBS buffer

for 21 days and
autoclaving at 121

°C for 20 min.

Negligible 38
cytotoxicity

The hydrogel

before attachment

to PDMS was able

to kill 99.9-100% of
MRSA, VRE, A.
baumannii, C.

albicans and C.
neoformans.

No cytotoxicity 39
Good

biocompatibility

Part of screening

library involving 22
acrylates combined

to give 576
formulations.

No cytotoxicity 40

Not evaluated but 4

generally
considered non-
cytotoxic.

The substrate
contained both
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Appendix 2 PDMS

0\/\0/\/0\
S
O._NH,
,o\ H Cl
78;S|\/\/N
HN.
Y
cl
o B
Hy
|
®T*(CH2) 7CH3
{ OR \
|—O- iE)O*Si\/\gwl*(CHz)wCHs
R oR RT _d @
\ | "C1gHa7
Ph__S
H o
/e\/ )}/\N 2 0
H N v
oo \L
b
Brefl\@f O:Ii’-O\.q\{
I ) —
H3C-(CH2)s 6
N
0V oo
o

1) Silane coupling of
3-mercaptopropyl)-
trimethoxysilane

2) Thiol-ene,
grafting to

1) Surface
hydrophilization

2) Aminosilation

3) CMBC

4) ATRP

1) Amination by
CcvC

2) CMBC

3) ATRP

1) Argon plasma
2) Silane coupling

1) PEI

2) Peptide coupling
of RAFT agent

3) RAFT

4) Alkylation

1) Polymer
synthesis, FRP
(AIBN)

2) Dip coating
3) Alkylation

g(+) S. epidermidis:
99.7 +0.4% g(-) E.
coli: 74 +17%, P.

aeruginosa: 81 +4%

g(+) S. aureus: 88%
(after 24 h.)

g(+) S. aureus:
72.2%

g(-) P. aeruginosa:
>99%, Pr. Mirabilis:
>99%

g(+) S. aureus: 58%,
S. salivarius: 52%
Yeast C. albicans.
77%

g(+) S. aureus: 93%
g(-) E. coli: 99%
reduction

g(+) S. aureus: ca.
90% (after 24 h.)
Protein BSA: 70.7%
(after 24 h.)

g(+) S. aureus:
almost no bacteria
adhered g(-) E. coli:
almost no bacteria
adhered Protein
BSA: 32%

Rats: g(+) S. aureus:
0/4 samples had
infections with no
viable bacteria
detected.

PDMS and titanium

parts.
vy3

43

44

Silanization 45

increased
adherence of cells
slightly but
significantly
reduced viability
Low cytotoxicity
Good
biocompatibility

46

Low cytotoxicity 47

109



Appendix 2 PDMS

Network

HN—pg] in E
o olymyxin
A
0 H

o
l
NO/\@N(CHZW(}B

o
Br®§
K

H3C-(H,C)

O

By

HN—CHWR

o o
ojﬂ\o o%éLo O\H
11 18 1
oo 0

CVD by di-tert-
amylperoxide

Dip coating

1) BP
2) UV initiated FRP
3) Alkylation

1) PEI

2) Peptide coupling
of RAFT agent

3) RAFT

1) DPA
2) Peptide coupling

1) Polymer
synthesis

2) PDA

3) Thiol-ene

g(-) E. coli: >99.9%

g(-) P. aeruginosa:
good antimicrobial
activity

g(+) S. aureus: ~3.5
log g(-) E. coli: ~2
log

g(+) S. aureus:
Complete growth
inhibition g(-) E.
Coli: Complete
growth inhibition,
P. aeruginosa:
Complete growth
inhibition

g(+) S. aureus:
100%, MRSA: 100%

g(-) P. aeruginosa:
bacterial
attachment was
decreased to the
same levels as the
ones achieved by
PDA coating alone
Yeast C. albicans:
92.1%

Protein BSA:
Readily adsorbed

g(+) S. aureus:
significant g(-) E.
Coli: significant, P.
aeruginosa:
significant.

g(+) S. aureus:
100%, MR S.
aureus: 99.94%
Protein Platelet:
100%, BSA: no
significant
adsorption

Low cytotoxicity

Various alkyl
agents was
investigated. C1
was most effective
after 1 h but C8
showed better
results after 24 h.
Low cytotoxicity

Non- cytotoxic.
Highly compatible
Maintained activity
for over a period of
21 days with no
apparent leaching
of peptide

Non-cytotoxic
The coating
prevented biofilm
formation for 7
days.

48

49

50

52

53
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Appendix 2 PDMS

B p ool
OH
eyt
TS C oD S
TN cPhe 7

N

= N
o H \©
NH, NH,

o N“SNH

H
oHN o
M_)L K/\/H NH
HN N 2
S i X

7%
o é&

Crosslinked

o
O)%\/ZB"
n
O AL
T 0o
N X N
© H HCle
/N\
|®

Irradiation by ®°Coy

1) Polymer
synthesis

2) PDA modification
of polymer

3) Quaternization
4) Dip coating

1) Ppetide synthesis
2) Oxygen plasma
3) Silane coupling

1) Ozone

2) UV grafting of
PEGDMA

3) Thiol-ene of
P(DMAPS)

1) DPA
2) ATRP agent
3) ARGET-ATRP

g(+) S. aureus:

99.999% g(-) E. coli:

99.999%

g(+) S. aureus: 75%
g(-) P. aeruginosa:
75%, E. Coli: 75%

g(+) S. aureus:
ineffective g(-) P.
aeruginosa: 42.9%
Protein BSA: 93%

g(+) S. aureus: ca.
93%, S. epidermidis:
>90% g(-) E. coli:
>99% Cells 373
fibroblast
cells:>90% Protein
FBG: 92%, BSA: 90%

g(-) P. aeruginosa:
90%, E. Coli: 50%

54

Negligible 55
cytotoxicity

56

Non-cytotoxic

Negligible 57
cytotoxicity

Non-cytotoxic 58
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Appendix 2 PVDF

Table 3 Poly(vinylidene fluoride) Coatings

Structure

Tethering Method

In vitro results

Bactericidal activity

Adhesion reduction

In vivo results

Cytotox., biocomp.
and remarks

Ref.

ot
0”0 o

H

Crosslinked

“
Re

Br

O\/\OH

"o
0 oo
o 0 LNz
N\ o>
o N Bre
L
)j/ko/\/@

(CH2)9CH3

NS

1) Dip coating
2) Argon plasma

1) BP
2) UV initiated FRP

1) PDA

2) ATRP agent
3) SI-ATRP

4) Alkylation

1) AIBN
2) FRP

1) ATRP of HEMA

2) ARGET-ATRP (Co(IV))

g(-) E. coli: few
colonies remain

g(+) S. aureus: 98.0%

Protein BSA: >80%, y-

globulin: >80%, FG:
>80%

Protein BSA: 77%

Protein BSA: 100%,
Lysozyme: 100%

Good
biocompatibility

Attachment of PEI
and was AMPS also
investigated with
good results.

59

60

61

62

63
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Appendix 2 PE

Table 4 Poly(ethylene) Coatings

Structure Tethering Method In vitro results In vivo results Cytotox., biocomp. Ref
and remarks
Bactericidal activity Adhesion reduction
| o 1) Ozonolysis g(+) Bacillus subtilis: 2.65 log - - PS substrate was also 5
| o> sl\/\/,l, (CH2)17CHs 2) Reduction g(-) E. coli: 3.1 log, S. enterica: investigated.
g cl© ‘ 3) Silane coupling, grafting 3.03 log
to
®’30H2)5’CH3 1) Polymer synthesis g(+) S. aureus: 100% g(-) E. coli: - - - 65
* 100%

CHj

Bp@

(CH2)5 CHs

@CI

e

=
H2 H g9
(0]
hit
AN/C itosan
H
]

)J\N—Vitamin E
H

N,

O
78;5i7PEG—PE

0]

:8/S'WV\©

Hzé)a éNf o

(CH2)5-CHs

|
ON— (CH2)s-CH3
+n

o
OH
o

o m

=

|
"bsp

(CHz)sCHs

2) Dip coating

Adsorption

1) FRP (AIBN) of Maleic
anhydride

2) PEI

3) quaternization

1) Helium plasma
2) FRP

1) Silylation

2) Amination with 1,4-
dibromobutane

3) Alkylation

3) PVP, Grafting to

1) Corona activation

2) Peptide coupling via
electrospraying of chitosan
and vitamin E formulation.

Spin coating of sol-gel
mixture

Structure not correct
PE-PEG-SI, TEOS and QAS-Si

g(+) S. aureus: 98 £1%, S
epidermidis: 97 +1% g(-) E. coli
: 99 +1%, P. aeruginosa: 99
1+1% Yeast C. albicans: 81 +3%

g(+) M. luteus: 10°-10° CFU
reduction g(-) E. Coli: 10%-10°
CFU reduction

g(+) S. aureus: 99 +1% g(-) E.
coli: 98 +2% killed

g(+) Listeria monocytogenes:
~85% g(-) Salmonella
Typhimurium: ~80% E. Coli:
~84%

g(+) S. aureus: 99.1% g(-) E.
Coli: 96.4%

g(+) S. aureus: 47%
g(-) E. coli: 15%, P
aeruginosa: 14%

PP and PU substrates
were also
investigated.

PP and cotton
substrates were also
investigated.

Bacterial adhesion
analysis by SEM

PP, PET and Nylon
surfaces were also
tested. Optical
bacterial assessment.

Due to the removal
of QAS moieties by
the nucleophilic
attack of water, the
antibacterial activity

66

67

68

69

70

71
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Appendix 2 PE

after 24 h was
strongly reduced.

lo Melt reactive blending g(-) E. coli: 99.9% - - -
(,"\‘\/\/\/\ql‘/\é)/\,\‘wn . . .
c© c©l  oH 5 H

72
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Appendix 2 PET

Table 5 Polyethylene Terephthalate Coatings

Structure

Tethering
Method

In vitro results

Bactericidal activity

Adhesion reduction

In vivo results

Cytotox., biocomp.
and remarks

Ref

o

O o
7O>Si/\/\l\‘l/(CH2)17CH3
| o @

n

\ é(CH2)5’CH3
Br®

Fow.m
@| HN- o COOH

© —N—
NH,
o o
‘é H H o
y o W)y on
OH OH X-y-m
OH

X

OOH

N

Y

_Chitosan
s~

1) Polymer
synthesis

2) Solvent cast
onto PET

Sol-gel
polymerization

1) Argon plasma
2) Air

3) UV
copolymerization
, grafting from

4) Alkylation

1) Oxygen plasma
2) Air

3) Acrylic acid, Na
4) Chitosan,
grafting from

1) Irradiation by
0Co y-rays

2) Acrylic acid +
vinyl formamide
3) Hydrolysis

4)
Glutaraldehyde
5) Chitosan,
grafting from

g(+) B. subtilis: 100% g(-)

E. Coli: 100%

g(-) E. coli: >99.5%

g(-) E. coli: 100%

g(+) S. aureus : 83%

g(+) MRSA: ~6 log, S.
aureus: ~6 log g(-) P.
aeruginosa: ~6 log, E.

coli: ~7 log

Even at low
concentration
antimicrobial activity
of >99.5% was still
maintained

Cellulose filter paper
as substrate were
also investigated

Able to maintain
antimicrobial activity
after laundering at
58%.

73

74

75

76

77
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Appendix 2 PET

o
r‘O\/\ ,P/ 'E‘B/
O \06 ’\
B/
£3/5!
o 2ia
gmi\ 218
S0 \O!
(] ' v /x

si- O ok

Ay

Crosslinked

Solvent cast

1) Crosslinking
through peptide
coupling of PEI
and AA

2) LbL of CHI and
PVP

Solvent cast

1) SiClg plasma
2) PEG, grafting to

acetylene plasma
immersion ion
implantation-
deposition

g(+) S. aureus: 100% g(-)

E. coli: 80%

g(+) S. aureus: 10-fold, S.
epidermidis: 1-fold, M.

smegmatis: 2-fold,

Bacillus subtilis: less than

1-fold, S. pyogenes:
ineffective, S.

dysgalactiae: ineffective

g(-) P. aeruginosa:
ineffective, E. Coli:
ineffective

g(+) S. aureus: significant,
S. mutans: significant g(-
) P. aeruginosa:
significant Yeast C.
albicans: significant

g(+) S. aureus: 50% g(-) P.
aeruginosa: ineffective

g(+) L. monocytogenes:
96.1%, S. enterica: 99.8%

g(+) S. aureus: 65%, S.
epidermidis: 86%

In vivo mice study
g(+) S. aureus: No
significant
differences among
sterile PHA and
PHO implants and
the sham control.

This result indicates

minimal
inflammation
associated with
these polymers.

Non-cytotoxic
Good
biocompatibility
S. aureus had 0%

viable cells after just

10 min.
Non-cytotoxic
Various strains of S.
aureus were used

and all were more or

less susceptible to
PHACOS

Various MW of PEG
brush was analyzed
but 2000 MW gave
the best results.

78

79

80

81

82
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Appendix 2 References

Table 6 Poly(propylene) coatings

Structure Tethering Method In vitro results In vivo results Cytotox., biocomp. and Ref.
remarks
Bactericidal activity Adhesion reduction
O:gf'ONa 1) Oxygen plasma - g(+) S. epidermidis: - - 83
7O(Nﬂ_©_to,_l 2) FRP of StBp grafting 55%, S. aureus: 80%
0=P_oNa from g(-) E. coli : 35%
Na
Melt grafting in g(+) S. aureus: 100% (PP - - Evaluation of skin 84
* y supercritical CO; pellets 10 min.) g(-) E. coli: irritation on rabbits. No
F?HMGO 100% (PP pellets 10 min.), P. skin irritation was

o
Br
OW )
o

O
OKN’\/*(CHZ)
Ho\

o ° OHg\
HWN OH
+
Crosslinked
OH

1) Ozone

2) ATRP init.

3) ATRP of PEGMA and
DMAEMA

4) Alkylation

1) Plasma activation with
CO,

2) Dip coating, grafting
to

1) BPBriBU
2) ATRP
3) Alkylation

1) Polymer synthesis
2) Oxygen plasma
3) Dip coating

aeruginosa: >99% (PP fabric
10 min.)

g(+) S. aureus: 99.99% g(-) E.
Coli: 99.2%

g(+) B. subtilis: ca. 4 log g(-) E.

Coli:> 2 log

g(-) E. Coli: 100%

g(+) B. subtillis: 100%, S.
aureus: 100% g(-) E. coli:
100%

observed after 48 h. on a
total of 6 rabbits. Killed
almost all bacteria in only
10 min.

Chain length of brushes
could be varied with
reaction time of ATRP.
Longer brushes equalled
higher bactericidal
efficiency.

PDMAEMA polymers with
higher MW proved more
effective with same
grafting density.
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1) BP

2) UV polymerization of
HEMA

3) ATRP init.

4) ATRP of SBMA

Protein BSA: 45.1%
higher flux compared
to control

The antifouling ability
was tested via flux
recovery of PP membrane

89
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Table 7 Polystyrene Coatings

Structure Tethering In vitro results In vivo results Cytotox., biocomp. Ref.
Method and remarks
Bactericidal activity Adhesion
reduction
o_ | 1) Ozonolysis g(+) Bacillus subtilis: 3.37 - - - 64
g}SI\/\@N*(CHz)wCHs 2) Rgductlon log g(_—) E. coli: 6.58 log, S.
P ‘ 3) Silane enterica: 2.55 log
coupling,
grafting to

. op
Resin beadsj_Q_/ 7

Resin beads K

\O{,\/o%g/l‘.

OH H
H/\f\éo/\%:\O\/K/N\/\/N\DHP
H

(CH2)4-CH3
Br " Br
Z~pr

foty

Phosphination

1) anionic
polymerization
of ethylene
oxide

2) Peptide
coupling

1) Allylamine
plasma

2)
Diaminopropan
e, PEGDGE

3) Michael
addition of DHP
1)
Copolymerizatio
n of St and
furanone

2) Disc by melt
moulding

1) Atmospheric
plasma

2) Dip coating

g(+) S. aureus: 38.81% g(-)
E. coli: 30.28%, P.
aeruginosa: 36.81%

g(+) S. aureus: almost 4
log, B. subtilis: >6 log, L.
monocytogenes: >6 log g(-
) E. coli: >6 log, S.
liguefasciens: >4 log, S.
typhimurium: >6 log, K.
marxianus: >3 log, P.
Fluorescence: >6 log

g(+) S. aureus: 88%
g(-) P. aeruginosa:
80% Protein
fibroblast: 97%

g(+) S. epidermidis:
89%

Protein BSA:
complete

Stable after 5 cycles %0
of washing and
sterilization at 100 °

for 24.

SMPS buffer was o1
bactericidal

suggesting leaching of
peptide.

Non-cytotoxic 92
The agent actas a

quorum sensing

inhibitor.

34

PMMA substrates %
gave similar results.
PEG with MW of 2000
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PS
Particles

3) Atmospheric
plasma

1) Suspension
polymerization
of St and HEA-CI
2) SI-ATRP of
MPEGAmM

resistance of
protein adsorption

Protein Human
whole blood
plasma: >90%

g/mol gave the best
result.

Reduced adsorption o4
of protein was seen

for higher graft

density of PEG.

120



Appendix 2 References

Table 8 Polyurethane Coatings

Tethering Method

In vitro results

Bactericidal activity

Adhesion reduction

In vivo results

Cytotox., biocomp.

and remarks

Ref.

i 2
wor= ey nEs PTMO = HOL (Chzy-O}H
H H

«RMDVO\WN/\/O‘MDVO\WN/\/O‘MDI}PTMO,MD|+

1)DPA

2) Michael addition
of chitosan, grafting
to

1) Copolymerization
2) Solvent cast

1) Copolymerization
2) Solvent casting

1) Polymer
synthesis
2) Dip coating

Copolymerization

g(+) S. aureus: 48.78% g(-)

E. Coli: 35.44%

g(+) S. aureus: 100% g(-) P.

aeruginosa: 100% Yeast
C. albicans: 100%

g(+) S. aureus: 95% g(-) E.

Coli: 10%

g(+) S. epidermidis:
No bacterial
colonies

g(+)S.
saprophyticus: 96-
98%, S. aureus: 96-
98%, S. mutans: >
98% g(-) K.
pneumonia: 2 96%,
E. faecalis: > 98%

Low cytotoxicity

Non-cytotoxic

Part of screening
library of 381
polyacrylate/acryla
mides. Mixtures of
bacteria was used
instead of
homogenous
culture.

95

96

97

98

99
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i “@
- / cF3
@

—N
)
(CH2)11-CH3

LWL
Pu:)J\H N

H

INGRON:
CHQAO J\

o o HNJ<O al al l
«waﬂ ) LU

o
I

0\¢Ei§;}

\\Lé )

O’ Y Ho

Ij

Crosslinked

1) Copolymerization
2) Spin coating

1) Polymer
synthesis
2) Copolymerization

1) TBEC

2) Redox
polymerization,
grafting from

1) Oxygen plasma
2) UV spin coating
of dimercaprol and
agarose

g(+) S. aureus: 3.57 log g(-)
E. Coli: 4.38 log, P

aeruginosa: 4.33

g(+)S.
epidermis:>90% g(-)
C. lytica: ineffective,
E. Coli: ineffective
Diatom Algae N.
incerta: ineffective

g(+) S. epidermidis:
97-99.9%, MRSA:
97-99.9%, S.
aureus: 97-99.9%
g(-) A. baumannii:
97-99.9%, E. Coli:
97-99.9% Yeast
Candida albicans:
97-99.9% Cells
human platelets:
>98%,
polymorphonuclear
leukocytes: >98%
monocytes: >98%,
lymphocytes: >98%
g(+) S. aureus: 2.3
log g(-) P.
aeruginosa: 2.3 log

Non-cytotoxic
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&
(o)
n
-R

OH
fos2 e
g o PHO—
o}

o)
o-§ le)
o o
s R = CH3(CH2)4CH2™
Crosslinked

o) Peptide E6

OH

hﬁ"
0" og

HSC(HZC)W@N“/\/\éFO_
/N o

HsC(H2C17 <~ —Si-0—
ON

CH2)sCH3

3
(o] H (‘
|\N)J\N/\/\/\/N\g/<\éN\>\
H H 5O H n

HO ry

—O-Si A~ &

Hd %y
éA @~ (CH2)15CHs
_Si 7
~+x Br©

oo e

1) Oxygen plasma
2) UV spin coating
of dimercaprol and
QCs

1) Allylamine
plasma

2) ATRP agent

3) SI-ATRP

4) lodoacetic acid
N-
hydroxysuccinimide
ester modification
5) Tiolether
substitution

1) Argon plasma
2) Vapour phase
polymerization of
AA

3) Dip coating

1) HMDI
2) PEI
3) Alkylation

1) Condensation
curing
2) Solvent cast

1) MDI
2) PEO, grafting to

g(+) S. aureus: >95% g(-) P.
aeruginosa: >95%

g(-) E. Coli: 100%

g(-) E. coli: 77%

g(+) S. aureus:
98.4%, S.
saprophyticus:
96.6% g(-) P.
aeruginosa: 93.2%

g(-) E. Coli: 2 orders
of magnitude, K.
pneumonia: 2
orders of
magnitude, P.
mirabilis: 2 orders
of magnitude

Protein FG: 80%

Mice: g(-) P.
aeruginosa:
99.7%

Non-cytotoxic

Non-cytotoxic
Good
biocompatibility

S. aureus was also
tested in vivo but
mice have natural
resistance against
this pathogen and
cleared the bacteria
on its own.

Non-cytotoxic

Stable for 30 days in
water

104

105
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H Noru_R H
fo~%"" T o

PU :J[OV\/\O;Lﬂﬂ)oq\m
oLk

R
oH o o_ J HN—(cHa

1) Alkyne PU
2) Azide-alkyne click
reaction

1) Synthesis of
CBMA-tBu
monomer

2) FRP of CBMA-tBu
and NH;MA

2) Side-chain
functionalization of
NH,;MA with
acryloyl chloride

3) Deprotection of
tBu with TFA

4) Grafting from by
redox
polymerization
using TBEC
(initiator),

Polymer blend

1) Polymer
synthesis
2) Solvent cast

g(+) S. aureus 55.0% g(-) E.

Coli: 45.2%

Protein BSA: 92.4%

g(-) E. coli: Almost
zero bacteria
Protein FG: Low
protein binding

Protein FG: 96%,
Platelet: 99%

- Was able to 110
maintain
antimicrobial
activity after 7 days.

- Lower MW PEO had !
better antiadhesive
properties

- Various alkyl 112

lengths were
investigated.
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Table 9 Textile Coatings

Structure

Tethering
Method

In vitro results

Bactericidal activity

Adhesion reduction

In vivo results

Cytotox., biocomp.
and remarks

Re

f.

Cotton

Cotton

© 9

o)
—O}Si/\/\N/\/\O)K/\(CFZ)TCFa

7(/ /N

H

Cotton

Cotton

Polyester

Cotton

o

H\/\/\)LNH
| L

NO, H |
N

© ;
%@V@ﬁ“\%*

(CH2)11-CH3

®,
l@*?‘*(CHz)ﬁ'CHa
(CH2)11-CH3

Sodium Alginate
Nanoparticle

70—%i—OH

@ CH
K/e\ (CH2)17CH3

Clm/\

®
K\N*(CH2)15CH3
v

CH,COONa  OH
OH

(o)
OH o H
n
Tio,

Tio, CH,COONa

Chitosan

Pad-dry-cure
method

1) Dip coating
2) UV-curing

pad-dry-cure
method

1) Tosylation
2) Surface
modification

pad-dry-cure
method

pad-dry-cure
method

Gram positive S. aureus:
97.3%

Gram positive S. aureus:
100% Gram negative E.
Coli: No viable bacteria
detected

Gram positive S. aureus:
>99.99 Gram negative E.
Coli: >99.99

Gram positive S. aureus:
100%, B. cereus: 100%,
M. luteus: 100% Gram

negative E. coli : 100%, E.

aerogenes: 100%, E.
cloacae: 100%, P.
vulgaris: 100%

Gram negative E. Coli:
99.9%

Gram positive S. aureus:
>99%

Maintains a 95.6%
reduction of S. aureus
even after 10
laundering cycles

The antimicrobial
activity was
preserved even after
30 washing cycles

Various alkyl lengths
were investigated

Was able to maintain
antimicrobial activity
even after 5 washing
cycles
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A

2 e}
a =
§ Oféi'o% Ri™ —(CF2)s-CF3 Ry~
[
8 = ol
R \N*(CHz)W'CHa
2 P!
g e
0|8 o5
|8 T g OH
Sl '8 i o
Cl+ | © 4+ .
elcioic Chitosan 'QSO OH
2|8i2:8 Ha
315 8 !5 Rectorite NagsCag 5K 1AlSicO20(0H)4 2(H20)
(o]
c H
2 )K/\/N ‘
3 I,
© X7 O CH
X =1 orBr (CH2)s> s
o

c?\‘ (CH2)17CH3

o g
~dio

d /\/\ﬁ,(CHz)WCHs

Microfibrillated cellulose
o}

Cellulose
filter paper

SN SN Lyzosyme
H H

Wool

Crosslinked

o0

Sol-gel process

LbL deposition

1) Acylation with
BBC

2) Alkylation of
PEI

3) Alkylation with
bromohexane

4) Alkylation with
lodomethane

1) Silane coupling
with ODDMAC

2) Silane coupling
CDIP

1) Polymer
modification
2) Silane coupling

1) BIBB
2) ATRP,
DMAEMA

1) Glutaraldehyde
2) Lysozyme

- Gram positive S.
aureus: 100% Gram
negative E. Coli:
81%

Gram positive S. aureus: -
94.7% Gram negative E.
coli: 95.0%

Gram positive S. aureus: -
98 + 1%, S. epidermidis:

97 + 1% Gram negative

E. coli: 99 + 1%, P.
aeruginosa: 98 £ 1%

Yeast S. cerevisiae: 97

1%, C. albicans: 96 + 1%

Gram positive S. aureus: -
>99% Gram negative E.
Coli: >99%

Gram negative E. Coli: -
100%

Gram positive B. subtilis: -
4.0 log Gram negative E.
Coli: 3.5 log

Gram positive S. aureus: -
80.95%

After repeated
washing, the
antimicrobial activity
of the coating
gradually decreased
against E. coli.
Hypotoxic

Good
biocompatibility

Wool, nylon, PE and
PET surfaces were
also tested.

Able to withhold 43%
activity after 5
washing cycles
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Silk

~ n
5
@
1N
(CH2)17CH3
5
E=N
3! o o
Z—Dendron—0 Dendro?_{
3!
> /
> Dendron—-0O
<.

|
\/\O/\g R2 =r6i“‘*(CH2)150H3
AGE H Tg0

5 y
>
z X
(o]

OH
o H H
8| o N N Tet091
:g \)\/ N
8

C
®
/\

N

o

Cellulose
o]
: n O
@

|
/\AA&?“F(CHz)wsCHS
H Br@
2

Cellulose
INERA
Q (o]
iy
20
T
>
3
le)
T
w

Q

e\
0/\/"“7<CHz>rCHa

1) FRP of QA
styrene
monomers

2) Pad-dry-cure
method

1) Dendrimer
synthesis

2) AGE and QA
coupling of
dendrimer

Grafting from,
Initiated chemical
vapour deposition

1) CVD of DMAMS
and EGDA using
TBP as initiator

2) Grafting to by
CVD of DMAMS

Peptide coupling

QA Silane
coupling

1) Coupling of
RAFT agent to
surface

2) RAFT,
DMAEMA

3) Alkylation

Gram positive S. aureus:
6.27 log Gram negative E.
Coli: 6.12 log

Gram positive S. aureus:
98.24% Gram negative E.
Coli: 99.06%

Gram positive B. subtilis:
>6 log Gram negative E.
Coli: >6 log

Gram positive B. subtilis:
>99%

Gram negative P.
aeruginosa: 98 + 1%

Gram positive Bacillus
cereus: ~90%, A.
acidoterrestris: ~60%
Gram negative E. coli: ca.
95%

Gram negative E. coli: 4
log

Various alkyl lengths

were investigated

The antimicrobial

activity were reduced

for S. aureus and E.
colito 71.76% and

70.09% after 15 wash

treatments
respectively.

E. coli was reduced by

4 log in only 2 min.

Low cytotoxicity

The result is part of a

screening library
comprising 122
peptides.

Various alkyl chain
lengths were
investigated
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Cellulose

Cellulose

/ |®
*%\*(CHz)S'CHs
(CH2)5-CH3
%/ Bro®

“(CH2)5-CH3
©) Bro®
EN—(CH2)5-CH3

ST

Br

0,0 ~N_

0_0_~0 ° @

1) ED plasma
2) Alkylation

1) BIBB
2) SI-ATRP,
grafting from

Gram positive S. aureus:
98.7% Gram negative K.
pneumonia: 96.8%

Perhaps delete

Protein human PRP:

Almost no platelet
adhesion
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