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Department of Chemistry and Chemical Engineering
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Chalmers University of Technology

Abstract

An ageing population in combination with scientific and clinical advancements have led to
a steady increase in the use of medical devices. Elastomeric biomaterials — materials
displaying rubber-like mechanics — have found widespread applicability in the production
of both short- and long-term medical devices. Despite the prevalence of such devices, issues
with medical device-associated infections remain. By surface colonization of bacteria,
systemic infection can arise resulting in patient suffering and increased burden on the
healthcare system. Consequentially, development of antibacterial elastomers capable of
withstanding bacterial surface colonization has been proposed as an effective strategy for
prevention and mitigation of medical device-associated infections.

In this thesis, two alternative strategies to develop antibacterial polydimethylsiloxane
(PDMS) elastomers have been proposed and evaluated. In the first strategy, PDMS surface
modification with multifunctional hydrogel microparticle coating has been developed.
Using a coating of antimicrobial peptide (AMP) RRPRPRPRPWWWW-NH,
functionalized hydrogel particles, high antibacterial activity was reported against
Staphylococcus epidermidis and Staphylococcus aureus. As an additional functionality, the
ability of the coating to encapsulate and release therapeutic substances was investigated,
resulting in a sustained delivery of polar, amphiphilic, and nonpolar drugs.

In the second strategy, modification of bulk PDMS by synthesis of drug-eluting PDMS-
hydrogel blends was proposed. PDMS and triblock copolymer (diacrylated Pluronic F127,
DA-F127) hydrogel blends were prepared with varying ternary PDMS-DA-F127-H,O
compositions. The test compositions chosen resulted in stable elastomers with tailorable
mechanics and ordered self-assembled nanostructure. The variation in composition offered
potential for sustained delivery of polar and nonpolar drugs, demonstrating potential for
production of drug-eluting and antibacterial elastomeric devices with tailorable mechanics.

Keywords: polydimethylsiloxane, hydrogels, antibacterial coating, elastomer blends,
antimicrobial peptides, drug-delivery
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Introduction

1. Introduction

The advent of medicine has provided humankind with treatment strategies for many
diseases that 100 years ago would have resulted in permanent deficiencies or even
death. We as humans live longer and healthier compared to our predecessors. A
combination of prevention, early diagnosis, and better treatment strategies have
significantly improved the recovery from even the most life-threatening conditions like
infections, cancer and trauma. The discovery of new drugs, with antibiotics as the most
consequential example, is an obvious component of modern medicine. However, the
significance of medical devices cannot be overstated. A medical device can be defined
as any article that is not a drug, capable of aiding in diagnosis, treatment, mitigation or
prevention of a disease, as well as restoration and support of a bodily function. Ranging
from short-term assisting devices like needles, surgical tools, and band aids, to
intermittent function-supporting devices like urinary catheters and pulmonary
ventilators, to life-supporting devices like orthopaedic implants and cardiac
pacemakers, medical devices are ubiquitous in modern-day medical care.

From a material science point of view, medical devices have integrated all biomaterial
classes — polymers, metals, and ceramics — with great success. However, major
challenges associated with practical applications remain, the most common being
medical device associated infections. When a medical device comes in contact with
human body, more often than not, it will be recognized as foreign, initiating a cascade
of immune system responses. With the material surface being the direct contact point
with the tissue and physiological fluids, a conditioning film of proteins and other
organic molecules will deposit from blood, urine, saliva etc. Although aiding the body
in the recognition of the material, and determining the further immune response to the
device, the material surface is also being rendered favourable for attachment of bacteria.
With bacterial colonization being the most common cause of medical device associated
infections, bacterial attachment and proliferation onto the material surface remains a
challenge to address.

Depending on the invasiveness and contact duration of a device, formation of bacterial
biofilms can occur resulting in systemic infection (e.g. 1% in hip and knee prosthesis,
70% — 80% in urinary catheters) [1, 2]. The current approach for prevention and
treatment of device-associated bacterial infections utilizes antibiotic therapy; however,
once formed, biofilms are difficult to eradicate, resulting in limited efficiency of the
drug [3]. Moreover, the global burden of antimicrobial resistance exacerbates antibiotic-
resistant infections associated with the use of medical devices [4, 5]. In consequence,
the need for new and improved strategies for device-associated infection prevention are
highly relevant.
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A potential alternative for managing these infections is the development of antibacterial
biomaterials capable of withstanding bacterial colonization. Fundamentally
antibacterial material properties can be achieved via multiple material-modification
routes (e.g. bacteria-repelling, contact-killing, bactericide releasing) [6]. The two
modification strategies utilized in this thesis deal with: 1) delivery of antibacterial
agents from the material structure, and 2) immobilization of antibacterial agents as
surface coatings.

1.1. Aim and objectives

This thesis addresses the development of antibacterial elastomeric biomaterials; rubber
like materials found in a variety of biomedical applications. Polydimethylsiloxane
(PDMS) is a commonly utilized elastomer for production of urinary catheters, medical
tubing, soft tissue implants and contact lenses, however, is inherently prone to bacterial
attachment, facilitating the need for development of antibacterial modification
strategies.

The aim of this thesis was to develop modification strategies to PDMS to impart
antibacterial properties for use in medical device production. Here, two alternative
strategies have been investigated:

1. Modification of pristine PDMS surface with contact killing hydrogel
microparticle coating with capacity for localized drug delivery.
2. Synthesis of new PDMS-hydrogel blends with local drug delivery capacity.

The proposed modification strategies are illustrated in Figure 1.
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Figure 1. Proposed PDMS modification strategies. In strategy 1, PDMS surface has been
functionalized with amphiphilic hydrogel microparticle coating for contact killing and
drug-eluting properties. In strategy 2, drug-eluting PDMS-hydrogel blends have been

synthesized.






Theoretical background

2. Theoretical background

The following sections address the relevant scientific background on the two
antibacterial PDMS modification strategies investigated in this thesis — contact killing
hydrogel microparticle coating development and synthesis of drug-eluting PDMS
blends. First, a brief overview of PDMS elastomers, their relevant properties and the
practical implications of the said properties will be summarized. Secondly, the existing
antibacterial PDMS modification strategies will be reviewed. Next, the development of
contact killing PDMS modification with the help of antimicrobial peptides (AMP) and
amphiphilic hydrogel coatings will be presented as the first strategy. Finally, the
development of drug-eluting PDMS blends as the second strategy will be introduced.

2.1. PDMS materials for biomedical applications

Polydimethylsiloxane is a silicone-based elastomer commonly used for a variety of
biomedical applications. Due to its bio-inert properties, crosslinked PDMS elastomers
have been utilized for production of contact lenses, shunts, prosthesis, urinary catheters,
burn dressings, heart valve structures, aesthetic and orthopaedic implants etc. [7-9].
This variety of applications stems from PDMS material properties, where high
flexibility, elasticity, thermal and chemical resistance is combined with UV resistance,
high gas permeability and optical transparency. Also, PDMS is relatively easy to
fabricate and can be sterilized using autoclave, steam or gamma radiation, making it an
attractive candidate for medical device manufacturing [7].

From a biocompatibility point of view, medical grade PDMS elastomers are nontoxic,
non-irritating and considered as biocompatible with soft and hard tissues, as well as
being hemocompatible [10]. A key PDMS property is the high surface hydrophobicity
(water contact angle ~ 101° — 109°) that is believed to contribute to blood compatibility
and resistance to encrustation [7].

Despite this, PDMS materials pose complications in use of biological systems due to
the low surface energy and intrinsic hydrophobicity, resulting in nonspecific adsorption
of proteins and other biomolecules. Originating in the entropic gain from water
molecule displacement adjacent to the surface, protein adsorption leads to protein
conditioning film formation in vivo, harbouring a favourable environment for bacterial
attachment [11].

Upon formation of the conditioning film, PDMS surface serves as a target for bacterial
attachment and colonization. By secretion of extracellular matrix components, complex
biofilm communities can form, encasing the bacteria in a protective matrix. Once
formed, biofilms are very difficult to eradicate due to the significantly increased

5
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bacterial tolerance to antibiotics, resulting in systemic infection [12]. Consequently,
novel antibacterial PDMS modification strategies are of great interest to address the
infection formation at its onset.

2.2. Antibacterial PDMS modification strategies

Considerable research efforts have been invested in development of biomaterials
capable of preventing infections. To date, a large variety of PDMS modification
strategies have been reported that utilizes a surface or bulk material modification to
either prevent initial bacterial attachment or eradicate established colonization.

To hinder bacterial attachment, antifouling PDMS surface have been produced by
grafting of zwitterionic polymer brushes or polyzwitterionic coatings. Through
formation of a stable water hydration layer that hinders protein conditioning, bacterial
adhesion to PDMS surface can be minimized [13-15].

Alternatively, antifouling properties can be achieved via surface topography
modifications where micro- or nanoscale surface features can be utilized to interfere
with the ability of bacteria to attach and form biofilms. Multiple studies have
successfully utilized soft lithography techniques to produce patterned PDMS surfaces
capable of inhibiting the growth of gram-negative Escherichia coli [16, 17].

Another approach for infection prevention entails the use of antibacterial agent
integrated with the material. By impregnation into the material structure or
immobilization onto the surface, local antibacterial effect can be achieved. A large
variety of antibacterial compounds have been applied in combination with silicone
elastomers by either adsorption, absorption, or covalent immobilization. Conventional
antibiotic eluting silicone catheters have shown to prevent colonization of both gram-
positive and gram-negative bacteria species up to 12 weeks [18, 19]. Although
promising, challenges with sustained delivery of effective concentration remains an
issue to address in drug-eluting materials. Historically, silver coated silicone catheters
have been developed due to silver’s bactericidal properties with multiple commercial
products available [20, 21]. However, their clinical efficacy and safety remains
controversial, motivating the need for new alternatives [22, 23].

2.3. Contact killing PDMS coatings

Lately, a group of contact killing antibacterial agents have gained attention for the
development of antibacterial PDMS materials. Contact killing antibacterial agents can
generally be characterized as a class of molecules capable of bacterial membrane
disruption through charged and/or hydrophobic interactions upon close contact.
Consequently, surface immobilization of contact killing surface coatings has been

6
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suggested as an effective strategy, since they do not release any active substances,
limiting the concerns related to toxicity and resistance [24].

For example, PDMS surfaces modified with contact killing chitosan derivatives have
been reported, capable of supressing biofilm formation via combination of increased
surface hydrophilicity and positive charge [25, 26]. Alternatively, PDMS modification
with quaternary ammonium compounds have been demonstrated, where contact killing
effect is achieved by a combination of high cationic charge density and
hydrophobicity [27]. Antimicrobial peptides, a class of molecules known for their rapid,
broad spectrum, highly specific antibacterial activity, have been applied in the
development of contact killing PDMS surfaces. Multiple studies have utilized a variety
of covalent immobilization techniques of AMPs onto PDMS, resulting in retained
antibacterial activity against both gram-positive and gram-negative bacteria
species [28-30]. Covalent AMP immobilization is of specific importance in the
modification of PDMS surface with contact killing hydrogel microparticle coating
investigated in this thesis, therefore AMPs, their properties and motivation for covalent
immobilization will be addressed in the following section.

2.3.1. Antimicrobial peptides

AMPs, also known as host-defence peptides, are a class of small organic molecules, that
are naturally abundant in animal and plant kingdom. In mammalian organisms, AMPs
are a part of nonspecific immune response towards bacteria, fungi, viruses, and
protozoa. Having evolved in cohabitation with microorganisms, AMPs have retained
their high antimicrobial activity without emergence of resistance due to their unique
mode of action, where AMPs target the fundamental differences distinguishing
microbial cellular membranes from multicellular plants and animals [31].

Although AMPs possess a large variety in molecular structures, certain motifs are
universal that enable their antibacterial properties. In general, AMP molecules have an
amphiphilic character through spatial organization of non-polar amino acids and
cationic polar amino acids. The charge and amphiphilicity contributes to peptide
activity, where it is believed that electrostatic attraction between the negatively charged
bacterial membrane and positively charged AMP molecules is vital. Both gram-positive
and gram-negative bacterial cell membranes contain anionic phospholipid moieties, that
are absent in mammalian cells, granting AMPs with selectivity [32]. Upon electrostatic
attraction, the hydrophobic peptide domains penetrate the phospholipid bilayer of the
bacterial membrane, facilitating membrane disruption. Subsequentially, membrane
integrity is impaired, leading to the cytoplasmic contents to spill out and cells to lyse.
Although this model of AMP membrane activity is universally accepted, it is worth
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noting that more detailed membrane disruption theories are available, depending on the
specific AMP structure [31-33].

Additionally, there exist AMPs that, much like antibiotics, affect specific molecular
targets in the bacterial cell for exertion of antibacterial effect e.g., DNA/RNA synthesis,
protein synthesis, cell wall synthesis, cell division, and protein folding [34]. However,
it is still believed that membrane activity plays a key role in their functionality.

In this thesis, a synthetically derived AMP has been utilized belonging to the
proline/arginine-rich end leucine-rich repeat protein (PRELP) family with the following
amino acid sequence — RRPRPRPRPWWWW-NH: (RRPOW4N) as seen in Figure 2.
In a previous study performed by Malmsten ef al. arginine (R) and proline (P) rich
RRPRPRPRP sequence was end-tagged with hydrophobic amino acid tryptophan (W)
residues, concluding that 4 tryptophan residues results in high antimicrobial activity in
combination with low toxicity to mammalian cells [35]. With an overall net positive
charge of +6 and a hydrophobic tryptophan end-tag, RRPO9W4N is reported to retain
high membrane activity with moderate haemolysis potential [36].

Figure 2. Antimicrobial peptide RRP9WA4N structure utilized in this thesis.

2.3.2. Covalent immobilization of antimicrobial peptides

Despite the potential of antimicrobial peptides as discussed above, clinical applications
of AMPs pose certain challenges associated with peptide stability, i.e. susceptibility to
high salt concentration and proteolytic degradation, as well as high production costs
[32]. These factors have facilitated the need for engineering new materials that help
AMPs to improve their functionality in clinically relevant applications. Covalent
immobilization of AMPs onto biomaterials has been deemed as a suitable alternative
for enhancing their stability in vitro and in vivo. By covalent attachment of AMPs,
increased stability towards proteolytic degradation can be achieved, resulting in non-
leaching surfaces capable of circumventing the challenges associated with antibiotic
eluting materials [37].
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Depending on the chemical structure of the peptide and the chosen material platform, a
variety of chemical conjugation techniques have been applied for covalent AMP
immobilization [37, 38]. The immobilization strategy utilized in this thesis relies on
peptide bond formation between AMP and the hydrogel microparticle coating. Through
reaction between primary amines found in AMP structure and surface bound free
carboxyl groups, stable AMP coating can be achieved. For this reason, carbodiimide
conjugation chemistry has been utilized by reaction with 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) resulting in direct AMP to substrate peptide bond formations (see Figure 3).

It 1s worth noting that multiple factors have been identified to affect the efficacy of
covalently immobilized AMPs, e.g. coupling chemistry, material properties of
substrate, use of spacer molecules as well as density of AMP grafting and corresponding
orientation [32]. Although interesting, closer analysis of these factors is outside the
scope of this thesis.

W~ N=<NH-/ o)i‘?\‘ 0

OH NH
0 CrH’ N o<’ o=’ ]
— —— —
AN
o \\/\/Nv/ N 8 ¢<—N>§° NH,
H

Figure 3. AMP covalent immobilization strategy via peptide bond formation to surface free
carboxyl groups using EDC/NHS activation chemistry; here, the hydrogel microparticle
coating onto PDMS functions as the AMP immobilization platform.

2.3.3. Hydrogel microparticle coating on PDMS

Previous studies have identified RRP9W4N potential for covalent immobilization onto
amphiphilic hydrogels in wound-care applications, with high antibacterial potential
reported against Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas
aeruginosa, methicillin-resistant Staphylococcus aureus, and multidrug-resistant
Escherichia coli strains [39, 36]. Although hydrogel materials possess many beneficial
properties relevant in biomedical applications, they lack the mechanical integrity
characteristic of elastomeric biomaterials like PDMS. Additionally, direct AMP
attachment onto pristine PDMS can be chemically complex due to the chemical
inertness of PDMS surfaces. Therefore, in this thesis hydrogels have been utilized in

9
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the form of surface coatings deposited onto PDMS to function as an immobilization
platform for covalent RRPOW4N attachment.

For this reason, an amphiphilic Pluronic F127 based hydrogel has been utilized.
Pluronic F127 is a triblock copolymer consisting of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) segments endowing it with amphiphilic, surfactant-like
behaviour. Pluronics are well known for their ability to self-assemble in a variety of
lyotropic liquid crystal (LLC) phases depending on concentration, temperature and
presence of segment selective solvents [40]. Additionally, due to the large variety of
LLC morphologies, Pluronic F127 has been used as a drug delivery vehicle for delivery
of polar and nonpolar drugs [41, 42].

Here, previously reported, RRPO9W4N modified hydrogel microparticles made out of
diacrylated version of Pluronic F127 (DA-F127) were utilized for the production of the
particle coating onto PDMS (see Figure 4) [36]. Use of microparticle coating could be
motivated by increase in coating surface area, resulting in improved antibacterial effect,
as well as circumventing the issues associated with thin uniform monolith hydrogel
coating delamination.

2.3.4. Drug-eluting hydrogel microparticle coating on PDMS

To endow the hydrogel particle coating with additional functionality, DA-F127
microparticles were investigated for their ability to selectively entrap polar,
amphiphilic, and nonpolar drugs in the hydrophobic and hydrophilic domains of the
micellar cubic phase (Figure 4). As previously mentioned, Pluronic F127 hydrogels
have been widely explored for their ability to deliver active substances of different
chemical polarity due to the amphiphilic structure of the material [41-43].

In general, development of drug delivery systems and drug-eluting biomaterials has
become of particular interest due to therapeutic advantages like sustained therapeutic
effect and reduced frequency of dosing. Contrary to the systemic administration,
localized drug delivery circumvents the toxic side effects with additional specificity to
the target tissue [44]. Localized delivery of antibacterial agents from biomaterials is of
particular interest in addressing medical device associated infections [45]. By tailoring
of material properties and the resulting drug delivery characteristics, existing infections
could be treated by delivery of antibacterial agent to the infection site [20].

In this thesis, three model drugs have been utilized to investigate the hydrogel particle
coating capacity for drug delivery. Here the antibiotic vancomycin, antimicrobial
peptide RRPO9W4N and anti-inflammatory drug ibuprofen were utilized as polar,
amphiphilic, and nonpolar model drugs, respectively. By releasing the drugs from the

10
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particle coating, a potential strategy for antibacterial PDMS modification could be
achieved.

Contact killing Drug-eluting
0o Live Polar, amphiphilic
@ bacteria and nonpolar drugs

Dead . ]
bactoria Hydrogel microparticle *% xS, ¢

Antimicrobial i
peptides 4 coating *x * ME 2

%s’é ?‘e L JREAS-RY

PEMES & m

Figure 4. Proposed modification strategy of PDMS surface with contact killing hydrogel
microparticle coating, with localized drug delivery capacity of polar, amphiphilic and nonpolar
drugs.

2.4. Drug-eluting PDMS blends

Although the development of antibacterial surface coatings can be perceived as an
attractive strategy for production of antibacterial elastomers, challenges associated with
the chemical stability of coatings and the longevity of the antibacterial effect in vivo
must be considered. In an ideal scenario, an elastomer could be able to deliver
antibacterial properties without the need of surface modification, motivating the need
for new antibacterial elastomeric biomaterial synthesis. This thesis attempts to address
this need by synthesizing PDMS elastomer blends with local drug delivery capacity as
the second alternative for development of antibacterial elastomers.

Polymer blending can be considered one of the oldest and most cost-effective strategy
for the synthesis of new polymeric materials with different physical properties. By
blending of two or more, often antagonistic polymers, blends of different characteristics
can be achieved depending on the miscibility between the separate components.
Fundamentally, blends can be classified as: 1) immiscible or heterogenous, where two
or more distinct phases exist, 2) compatible, where an immiscible blend exhibits
macroscopically uniform properties, and 3) miscible or homogenous, with single-phase
structure [46]. Depending on these interactions’ as well as the component concentration,
different macro, micro or nanodomain polymer morphologies can be achieved [47].

11
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Most often, due to the low interfacial adhesion between the blend phases, mechanically
weak materials are formed, motivating the need for compatibilization strategies.

Silicone elastomers, like PDMS, are highly immiscible with most other organic
polymers, making production of thermodynamically stable, homogenous silicone
blends complex. A potential alternative for silicone blends with increased stability is
the use of AB diblock or ABA triblock block copolymer compatibilization agents,
where interfacial tension is reduced by selective miscibility between the polymer
phases [48-50].

As mentioned previously, PDMS materials are highly hydrophobic with low surface
energy making any surface or bulk modification challenging. Therefore, multiple
studies have attempted to use silicone blending with hydrophilic polymers like
polyethylene glycol (PEG) or amphiphilic block copolymers like Pluronics to improve
PDMS functionality by e.g., increasing surface wettability, water retention and
permeability to active substances [51-53]. By inducing phase separation upon addition
of hydrophilic entities, PDMS blends for use in controlled drug release systems and
wound dressings have been developed.

To further investigate the PDMS blending, this thesis studies PDMS blends with
Pluronic F127 and water, to produce elastomeric materials with drug delivery
functionality. As referred to earlier, Pluronic F127 possesses a wide lyotropic liquid
crystalline behaviour when mixed with block-selective solvents, resulting in molecular
segregation [40]. Solvent and concentration variation gives rise to a realm of LLC
morphologies e.g., micellar cubic, reverse micellar cubic, normal hexagonal, reverse
hexagonal and lamellar phases. Here, Pluronic F127 self-assembly was utilized with the
intention for synthesis of LLC based elastomeric blends, with PDMS intended to
function as the nonpolar, and water as the polar “solvents”. It was hypothesized that,
upon introduction of amphiphilic copolymers, distinct polar and nonpolar domain
formation could be induced, creating depots for encapsulation of polar and nonpolar
drugs, resulting in a sustained release character compared to the hydrogel particle
coating.
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3. Materials and methods

The following section introduces the material synthesis and characterization methods
covered in this thesis with respect to the preparation of 1) PDMS surfaces with contact
killing hydrogel microparticle coating, and 2) PDMS elastomer blends. Furthermore,
the methodology for in vitro drug release experiments is described for both the PDMS
hydrogel microparticle coating and the PDMS blends. Finally, evaluation of
antibacterial activity of the AMP modified PDMS coating will be summarized. A more
detailed procedure description can be found in Paper 1 and Paper 2 appended to the
thesis.

3.1. Material preparation
3.1.1. Coating preparation

For production of hydrogel microparticle coating onto PDMS developed in Paper 1,
hydrogel particles were synthesized from DA-F127 hydrogel sheets using a detailed
method stated elsewhere [36]. Briefly, 30% w/w DA-F127 in Milli-Q water (MQ) and
0.05% w/w photoinitiator Irgacure 2959 were mixed and crosslinked at A = 302 nm
using UV radiation forming solid hydrogels, which were then washed in excess water.
The washed and hydrated hydrogel sheets were homogenized using a food processor
and a homogenizer to produce microparticle suspension, followed by a washing step
and suction filtration. The filter cake was collected, and the resulting particle paste
divided into two parts: 1) control particles and 2) AMP functionalized particles. Control
particles were frozen in liquid N, freeze-dried to remove excess water, and stored dry
until further use.

The particles intended for AMP functionalization were treated with EDC and NHS for
activation of free carboxyl groups, followed by covalent AMP attachment. For that 1 g
of particles was dispersed in 5 ml of activation solution consisting of 2 mg/ml of 1-
Ethyl-3-(3-dimethylaminopropyl)  carbodiimide (EDC) and 2 mg/ml N-
hydroxysuccinimide (NHS) solutions in 0.5 M 2-(N-morpholino) ethanesulfonic acid
buffer (MES, pH 6) and stirred for 30 min, followed by suction filtration and washing
with MQ water. The activated particles were dispersed in 5 ml 400 uM RRPOW4N
AMP dissolved in phosphate buffered saline (PBS, pH 7.4) and stirred for 2 h for
covalent AMP attachment, followed by excessive washing, filtration and freeze drying.
To quantify the amount of AMP taken up by the particles, UV-Vis spectroscopy was
utilized at A = 280 nm to probe for tryptophan group using a previously constructed
standard curve.

13



Materials and methods

The freeze-dried control and AMP particles were further utilized for production of the
particle coating onto PDMS substrates. For that, Sylgard 184 (Dow Corning) silicone
elastomer kit was mixed in ratio ten parts base agent with one part curing agent to form
ahomogenous prepolymer gel. The gel was degassed to remove any trapped air bubbles,
cast in a glass dish, and heat cured resulting in a solid elastomer. Next a new batch of
PDMS prepolymer gel was mixed, degassed, and spun on top of the previously
produced PDMS substrates using a spin coater (SPIN150-v3, SPS-Europe B.V.).
Spinning procedure was carried out for 3 min with an acceleration rate of 500 rpm/s,
whilst spin speed was varied between 1000 rpm to 6000 rpm in increments of 1000 rpm.
Immediately afterwards, PDMS substrates were covered with the freeze-dried hydrogel
particle powder and cured at 37 °C for 24 h. This procedure facilitated the absorption
of the hydrophobic PDMS prepolymer into the hydrophobic domains of the DA-F127
hydrogel particle structure, forming interpenetrating polymer network upon curing, and
stabilizing the particle coating onto PDMS.

3.1.2. PDMS blend synthesis

For production of drug-eluting PDMS blends further described in Paper 2, the PDMS
prepolymer was directly mixed with DA-F127 gel and water, forming triphasic blend,
followed by crosslinking into solid materials. A variety of PDMS-DA-F127-H>O
concentrations were mixed according to Pluronic F127-water-“oil” ternary systems
reported previously, in order to investigate the concentration effect on the blend
properties [40]. For that, different concentrations of DA-F127 gels were mixed as
previously described by varying the water content. Afterwards, PDMS prepolymer was
mixed as previously described and the two mixtures were combined by manual mixing
according to the desired PDMS-DA-F127-H,O concentration. The resulting
unpolymerized gel mixtures were sandwiched between two glass slides followed by a
two-step polymerization of (1) heat-curing at 37 °C for 24 hours and (2) UV curing at
A =365 nm for 7 — 10 min. The heat- and photopolymerization were carried out to
crosslink the PDMS and DA-F127 networks, respectively. The former is a platinum
catalysed hydrosilylation reaction between the vinyl groups in the Sylgard 184 base
agent and the silane groups in the curing agent forming PDMS, whilst the latter is a
free-radical photopolymerization of the DA-F127 acrylate groups in the presence of
photoinitiation.

3.2. Material characterization
3.2.1. Coating morphology and stability

The as-prepared and rehydrated particle coatings developed in Paper 1 were
investigated to characterize the coating morphology and adhesion stability.
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The as-prepared and rehydrated (in MQ water or safranin dye solution) particle coatings
were imaged with a stereo microscope (Stemi 508, Carl Zeiss) to evaluate the particle
coverage of the PDMS substrates. Contrary to regular microscopy, stereomicroscopy is
able to visualize the test sample with increased depth of field aiding the investigation
of three-dimensional objects like the particle coatings.

Particle size distribution of the as-prepared coating samples was measured from the
generated stereo microscopy images to characterize the population of particles
immobilized onto PDMS surface. Particle projection diameter was measured on three
hundred randomly selected particles, and the corresponding number-based size
distribution calculated.

To qualitatively evaluate the effect of spin speed, used for the particle coating, on the
particle adhesion, Scotch™ tape (Magic™ Tape, 3M) peel-off test was performed. Four
consecutive tape applications and removals were performed on the as prepared coatings
and the coatings photographed for a side-by-side comparison. The peel-off test was
utilized as a straight-forward method to characterize the adhesion strength of the particle
coating to the PDMS substrate by providing repeatability and for qualifying the
surfaces.

3.2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was utilized to image the morphology of the
particle coating on PDMS as well as the PDMS blend microstructure. SEM is an
imaging technique that uses focused electron beam to excite the electrons present in the
analysed material structure, generating characteristic signals. In this work, secondary
electron detection was utilized to produce surface topography images of the as-prepared
particle coating from Paper 1 and to investigate the adhesion between the PDMS and
hydrogel particles. Additionally, SEM was used to inspect the microstructure of the
synthesized PDMS blends in Paper 2 by looking at sample cross-sections. Additionally,
particle coating was incubated together with Staphylococcus epidermidis to
qualitatively evaluate the AMP effect on the bacterial growth behaviour. Inoculated
samples were fixed in formaldehyde, followed by dehydration steps in an ethanol and
incubation in hexamethyldisilazane solution. All analysed samples were sputter coated
with gold prior the SEM imaging.

3.2.3. Water contact angle analysis

Water contact angle (WCA) analysis was utilized to investigate the wetting properties
of the particle coating on PDMS and the PDMS blends. For that optical tensiometer
(Theta, Attention) was operated in static contact angle mode with MQ water. By
monitoring the WCA changes over time with high resolution camera, surface
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hydrophilicity/hydrophobicity and the underlying surface chemical properties can be
investigated. In Paper 1 presence of AMP in particle coating was analysed by
monitoring WCA changes over time on as-prepared coatings. In Paper 2, WCA was
utilized to analyse the PDMS-DA-F127-H>O concentration variation effect on the
wetting properties of the PDMS blends, and the possible surface chemical
characteristics.

3.2.4. Raman spectroscopy

Chemical characterization of the coating (Paper 1) was performed utilizing confocal
Raman microscope (Alpha300 R, WITec). Raman in a light scattering analysis
technique whereupon irradiating the test sample with a high intensity laser source,
inelastic Raman scattering is produced. By measuring the generated signal, molecularly
characteristic vibrational energy modes of different molecules present can be
differentiated. By investigating the as-prepared control and AMP particle coatings,
molecular bands characteristic to RRPO9W4N could be detected, aiding in detection of
AMP presence.

3.2.5. X-ray photoelectron spectroscopy

Surface chemistry of the coating, (Paper 1) was characterized using X-ray photoelectron
spectroscopy (XPS) microprobe (PHI 5000 VersaProbe 111, Ulvac-PHI Inc.). XPS is a
surface-sensitive analysis technique for investigation of surface chemical composition.
By exposing the sample to X-ray source, characteristic photoelectrons are emitted from
the material surface yielding information on the electronic states of the atoms. In this
study, XPS was used for elemental quantification of the control and AMP particle
coating with particular interest in changes in nitrogen concentration, potentially
indicating the presence of AMP in the material.

3.2.6. Tensile and compression testing

Tensile and compression testing was employed to characterize the PDMS blends
developed in Paper 2. The purpose of mechanical testing was to evaluate how changes
in PDMS-DA-F127-H>0 component concentration in the synthesized blends affect the
mechanical properties of the materials. For that, Instron 5600 UTM universal testing
machine was used with a 100 N and 5000 N load cell for tensile and compressive
deformation, respectively. PDMS blend were synthesized as described in Section 3.1.2.,
with additional centrifugation step of the unpolymerized gel mixtures prior
crosslinking, to remove any air bubbles. Pristine PDMS sheets and 30% w/w DA-F127
hydrogels were used as reference materials to account for their mechanical contribution.
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To quantify the mechanical response, Young’s and compressive moduli were calculated
from the linear regions of the obtained stress-strain curves.

3.2.7. X-ray scattering

Small-angle X-ray scattering (SAXS) was used for structural characterization of the
PDMS blends developed in Paper 2. In SAXS analysis sample is irradiated with a
monochromatic X-ray source causing X-rays to be scattered based on the electron
densities in the sample. By recording the scattered X-ray intensity, information on the
nanostructure and ordering in the material can be obtained. In Paper 2, two types of
SAXS instruments were used for analysis of unpolymerized gel mixtures and
polymerized PDMS blends. A Mat:Nordic instrument (SAXSLAB, Chalmers Materials
Analysis Laboratory, Sweden) was used for the unpolymerized gels, while synchrotron
radiation SAXS was performed at the cSAXS beamline, Swiss Light Source (Paul
Scherrer Institute, Switzerland) on the polymerized PDMS blends. The purpose of using
SAXS was to study the possible short- and long-range nanostructure formations in the
PDMS-DA-F127-H;0 systems, elucidating DA-F127 phase behaviour in the presence
of PDMS and water as nonpolar and polar “solvents”, respectively.

3.3. Antibacterial evaluation of the particle coating

AMP particle coating on PDMS developed in Paper 1 was investigated for its
antibacterial activity against Staphylococcus epidermidis and Staphylococcus aureus —
common pathogens involved in medical device associated infections. To compare the
antibacterial activity, AMP-free control particle coating, as well as pristine PDMS
substrates were included to serve as the negative controls.

Hydrated samples were incubated together with S. epidermidis or S. aureus cultures for
lh in 10% v/v tryptic soy broth (TSB) in PBS solution. Afterwards, the bacteria
suspension was aspirated and replaced with pure 10% v/v TSB followed by an overnight
incubation. This procedure granted early-stage biofilm formation onto the tested sample
surfaces. The following day, samples were carefully washed to remove any planktonic
bacteria and vortexed to remove the surface-adhered bacteria. The vortexed suspensions
were serially diluted, and spot plated onto brain-heart infusion agar plates, followed by
colony forming unit (CFU) counting the next day. By comparing the differences
between the CFU counts obtained from AMP particle coating to control particle coating
and pristine PDMS, AMP contact killing antibacterial effect could be evaluated.

3.4. In vitro drug delivery

The coating developed in Paper 1 and the PDMS blends developed in Paper 2 were
investigated for their ability to encapsulate and release drugs of different chemical
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polarity using vancomycin (VCM), RRPOW4N AMP and ibuprofen (IBP) as the polar,
amphiphilic, and nonpolar mode drugs, respectively. The purpose of this was to assess
how the addition of DA-F127 particle coating onto PDMS, and the DA-F127 addition
in the PDMS blends would facilitate drug uptake into the materials’ structure, granting
PDMS with drug delivery capacity.

3.4.1. Drug delivery from the particle coating

Control particle coating on PDMS developed in Paper 1 was prepared as described in
section 3.1.1. at a 1000 rpm spin speed, followed by a washing step and drying at 37 °C.
The dried samples were loaded in 1% w/v AMP solution in MQ water, 1% w/v VCM
solution in MQ water or 7% w/v IBP solution in acetone, alternatively, for 24 h to
facilitate drug uptake int the particles via swelling. The drug-loaded samples were then
rinsed in MQ water or acetone and dried at 37 °C for 24 h to remove any loosely bound
drug.

For release studies MQ water was used as the elution media for VCM and AMP loaded
coatings, while 1% w/v aqueous sodium dodecyl sulphate (SDS) solution was used for
IBP loaded coating to facilitate IBP solubility. The elution volume was chosen
accordingly, so the system would operate under the sink condition. The samples were
continuously shaken, and the elution media sampled every 15 min for the first 4 h, then
every 30 min for 8 h, following once daily until elution saturated. UV-Vis
spectrophotometer (Multiskan™ GO, Thermo Fisher Scientific) was used to measure
the sample absorption at A =280 nm, A =280 nm or A =272 nm for VCM, AMP or IBP,
respectively, returning the sampled volume to the system after each measurement. To
assess the PDMS substrate ability to encapsulate the different drugs, a control
experiment was conducted using a pristine PDMS substrate.

3.4.1.1. Mathematical modelling

The drug release kinetics from the particle coating developed in Paper 1 was assess by
mathematically fitting the release data to zero order, first order, Korsmeyer-Peppas and
Higuchi drug delivery models. Non-linear least square regression was applied using
DDSolver add-in program for modelling and comparison of drug dissolution profiles
based on a built-in model library [54]. Model fit to the release data was expressed by
using the correlation coefficient (R?) and root mean square error (RMSE). To compare
the release rate of different drugs, release rate constants were calculated. Ultimately, to
characterize the release mechanism from the particle coatings, Korsmeyer-Peppas
release exponent n was determined.
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3.4.2. Swelling measurements of the PDMS blends

Swelling capacity of the PDMS blends developed in Paper 2 was investigated in
aqueous media. As-prepared PDMS blend samples were swollen in MQ water with
periodical weight checks, recording the swollen and dry sample weight, and the
resulting mass swelling ratio S,,, was calculated. By monitoring the water swelling
behaviour of the synthesized PDMS blends a better understanding of the material
properties and the drug loading process could be obtained.

3.4.3. Drug delivery from the PDMS blends

PDMS blends synthesized in Paper 2 were prepared as described in section 3.1.2. with
an additional chloroform wash and vacuum drying step. The dry samples were then
loaded with 1% w/v VCM solution in MQ water or 10% w/v IBP solution in acetone,
alternatively, for 72 h to facilitate drug uptake int the material structure, followed by an
intermediate rinsing and drying step. MQ water and 1% w/v SDS solution was used as
the elution media for VCM and IBP release, respectively. UV-Vis spectrophotometer
at A =280 nm and A =272 nm was used to monitor the drug release for VCM and IBP,
respectively, measuring every 15 min for the first 4 h, then twice a day for 3 days and
once a day until no further elution could be recorded. The purpose of this was to
investigate the PDMS blend composition effect on the drug delivery dose and retention
time.

3.5. 3D printing of the PDMS blend

As a proof-of-concept experiment one PDMS blend developed in Paper 2 was chosen
to demonstrate the material’s processing capabilities via 3D printing. Unpolymerized
gel was loaded into a syringe and centrifuged at 6000 rpm for 10 min to remove air
bubbles. The syringe was placed in the printing cartridge and the unpolymerized gel
printed using extrusion-based 3D bioprinter INKREDIBLE™, Cellink). The printed
constructs were polymerized following an inverse two-step polymerization procedure
by photopolymerization with UV light (A = 365 nm), followed by heat curing for 24 h
at 37 °C.
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4. Results and discussion

4.1. Material preparation

To produce hydrogel microparticle coating on PDMS described in Paper 1, the
following production scheme was developed (Figure 5). The choice of DA-F127
hydrogel microparticles to produce the coating could be motivated by two reasons: (1)
higher surface area for stronger surface adhesion, when compared to a coating based on
a thin uniform monolith coating of DA-F127 hydrogel and (2) increase in the coating
surface area for improved antibacterial effect.

PDMS prepolymer film was spin-coated onto pristine PDMS surface for immobilization
of the freeze-dried hydrogel particle powder. The spin coated PDMS layer was intended
to act as an immobilization matrix and adhesive entrapping the particles and forming a
robust coating. The DA-F127 hydrogel particles utilized in this work had a micellar
cubic phase granting the material with distinct hydrophilic and hydrophobic domains.
Due to the amphiphilic nature of hydrogel particle, uptake of the hydrophobic PDMS
prepolymer could occur via swelling, forming interpenetrating polymer network (IPN)
structure between the particles and PDMS. This structure was further immobilized by
heat curing of PDMS resulting in stable physical bond between hydrogel particles and
PDMS network.
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Figure 5. Production scheme of the hydrogel microparticle coating onto PDMS by establishing
an interpenetrating polymer network between the PDMS and DA-F127 hydrogel.

To produce PDMS blends developed in Paper 2, different DA-F127-PDMS-H>O
concentrations were mixed and polymerized via a two-step heat and photocuring
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process. The as-prepared materials were qualitatively assessed based on visual
properties (optical transparency, macroscopic homogeneity, phase separation, and
mechanical robustness) and a ternary phase diagram was constructed (Figure 6A).
Depending on the blend composition a variety of properties were observed ranging from
tough and transparent homogeneous materials to fully opaque and macroscopically
phase separated mixtures of poor mechanical stability. A representative example of the
blend composition effect on the material turbidity can be seen in Figure 6B. From here
a phase diagram region forming optically transparent and mechanically robust materials
was identified. Three compositions B, D and H were chosen for further analysis
composed of DA-F127-PDMS-H,0 at a concentration of 40-15-45% w/w, 40-25—
35% w/w and 20-60-20% w/w, respectively. While compositions B and D were
interesting for evaluation of the effect of relatively low PDMS concentration in the
blend, composition H with relatively high PDMS content was deemed especially
relevant due to its similarity in mechanics to pristine PDMS.
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Figure 6. (A) Phase diagram of the synthesized DA-F127-PDMS-H:0 blends and their visual
properties based on the composition concentration. Compositions B (40—-15-45% w/w), D (40—
25-35% w/w) and H (20-60-20% w/w) selected for further evaluation. (B) Composition
concentration effect on the material turbidity on selected blends.
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4.2. Material characterization
4.2.1. Physicochemical characterization of the materials

The as-prepared hydrogel particle coating developed in Paper 1 was evaluated for the
particle size distribution and the adhesion strength. The particle size distribution was
measured from stereomicroscopy images and can be seen in Figure 7A, with the
immobilized particles ranging between 100 to 750 um in size indicating a broad size
distribution. In the case of uniform surface coverage, broad size distribution may be
considered beneficial due to denser surface coverage upon particle deposition.
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Figure 7. (A) Particle size distribution as measured from as-prepared particle coating. (B)
Image of the as-prepared coating made at 3000 rpm with an example of the tape peel-off test
and a sterecomicroscopy image of the as-prepared coating and safranin hydrated coating
demonstrating PDMS coverage. (C) Tape peel-off test on as-prepared coatings made at
different spin coating speeds.

To qualitatively evaluate the produced particle coating surface coverage in rehydrated
state, coatings were swollen in aqueous safranine dye solution. As evident from Figure
7B, hydrogel particles were able to swell without detachment from substrate, fully
covering the PDMS substrate. DA-F127 hydrogels are known to be able to swell in
water retaining their stability with up to 90% water uptake. The stability of particle
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coating in hydrated state is of special importance due to its potential application in close
contact with various physiological fluids.

To qualitatively estimated the adhesion strength of particle coatings, Scotch tape
peel-off tests were performed on coatings produced at various PDMS film spin rates
(Figure 7C) [55, 56]. Peel-off test was deemed as a simple and reproducible method
to assess the spin coating speed effect on the coating stability and IPN formation
between the particles and PDMS. Four consecutive tape applications and removals
were performed with the effect on the coating stability evident. Up to 3000 rpm
coatings retained their stability with minimal particle detachment by the tape.
Following increase in the spin coating speed resulted in consequent increase in
the particle detachment, with significant sections of the coating being detached at
spin rates above 5000 rpm. These observations serve as a reliable indicator to the
spin coating parameters and its effect on coating stability.

Hydrogel
particle
coating

Figure 8. SEM images of coatings produced at different PDMS film spin coating rates. (A)
coating produced at 1000 rpm, top view. (B) coating produced at 5000 rpm, top view. (C)
coating produced at 5000 rpm, cross-section. PDMS coverage and necking around the particle
highlighted with red arrows.

To further investigate the particle adhesion to the PDMS substrates, as-prepared
samples produced at different spin coating speeds were imaged with SEM (Figure 8).
As can be observed in Figure 8A coatings prepared at 1000 rpm showed signs of PDMS
film covering the underlying particle layer. By increasing the spin coating speed to 3000
rpm and above, PDMS coverage of particles could be avoided, as evident from
Figure 8B. Although high spin rates proved to be favourable for increased adhesion
strength, as seen from tape peel-off test, PDMS coverage can be a potential issue
for AMP functionality. Increase in spin rate can therefore be believed to be
beneficial, with
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increased surface availability resulting in potentially higher contact killing antibacterial
effect. Additionally, as seen in Figure 8C even at high spin speed of 5000 rpm necking
around the particle base can be evident, signifying the PDMS uptake and IPN formation.
Put together, tape peel-off test and SEM analysis demonstrate that by carefully tailoring
the spin coating speed, hydrogel particle coatings of varying stability can be produced.

To examine the microstructural features of the PDMS blends produced in Paper 2, SEM
imaging of the sample cross-sections was performed with the obtained micrographs
seen in Figure 9. Depending on the composition concentration, notable differences in
the synthesized blend microstructure could be observed. Composition B displayed
highly microporous architecture characteristic of lyotropic liquid crystals, which can be
expected considering the high DA-F127 and water content in the sample. On the
contrary, compositions D and H displayed a more homogenous morphology with
increased density characteristic of polymer blends. A thread-like morphology could be
attributed to composition D, similar to miscible blends, whilst H displayed
characteristics of immiscible polymer blends with microphase separation seen
throughout the material structure. This observation points towards DA-F127 as the
dispersed phase, forming microdomains in the continuous PDMS phase. Overall, the
SEM images demonstrate the morphological variation that was achieved by varying of
the component concentration in the synthesized PDMS blends.

B 40/15/45 D 40/25/35 H 20/60/20

Figure 9. SEM images of the as-prepared PDMS blend microstructures of varying DA-F127—
PDMS-H20 concentration. (A) Blend composition B (40-15-45% w/w), (B) blend
composition D (40-25-35% w/w), (C) blend composition H (20—60-20% w/w)

Water contact analysis was performed on the as-prepared PDMS blends developed in
Paper 2 to assess the chemical composition effect on the surface wetting characteristics
(Figure 10). The synthesized compositions were compared to pristine PDMS and
30% w/w DA-F127 hydrogel. Both PDMS and DA-F127 displayed wetting patterns
characteristic of the hydrophobic PDMS surface and amphiphilic hydrogel surface,
respectively, with the latter displaying WCA reduction because of the hydrogel
swelling. All PDMS blends displayed initial WCA surpassing that of pristine PDMS.
Generally, compositions B and D had slower wetting characteristics than all other test
samples with high initial WCA and continuous reduction, which is partially unexpected
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result considering the high DA-F127 and water content in these samples. Additionally,
a more rapid initial WCA reduction could be seen for composition H reaching a plateau
thereafter. These observations point toward potential discrepancies between the bulk
and surface chemical properties, as well as potential surface roughness due to the varied
blend microstructures.
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Figure 10. Water contact angle analysis of the as-prepared PDMS blends of varying DA-F127—
PDMS-H20 concentration, pristine PDMS and 30% w/w DA-F127 hydrogel. Blend
composition B (40—15—-45% w/w), blend composition D (40-25-35% w/w), blend composition
H (20-60-20% w/w).

4.2.1.1. AMP functionalization of particle coating

To demonstrate successful AMP functionalization of the AMP particle coating
developed in Paper 1, UV-Vis spectroscopy was performed on the AMP functionalized
particles prior the immobilization onto PDMS substrates. AMP content was estimated
to be around 3.3% w/w with respect to the dry particle mass, indicative of AMP
incorporation in the particle structure.

Water contact angle analysis was used as an indirect method to demonstrate AMP
presence in the as-prepared AMP particle coating developed Paper 1. Figure 11
demonstrates the changes in surface wetting properties over time on the dry coatings.
Both control and AMP particle coatings demonstrate reduction in WCA as a direct result
of the DA-F127 hydrogel network swelling and water uptake. Furthermore, AMP
incorporation in the particle coating resulted in marked increase in the wetting time with
approximately three times longer wetting period compared to control particle coating.
Considering the amphiphilicity of the AMP and the presence of the hydrophobic
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tryptophan end tag, the reduction in the wetting rate can be seen as an indirect proof of
AMP presence in the particle coating.
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Figure 11. Water contact angle reduction due to swelling of the a-prepared control particle
coating, AMP particle coating and pristine PDMS substrates. AMP presence resulting in the
reduction of the wetting rate.

Raman spectroscopy was utilized to confirm AMP presence in the AMP particle coating
developed in Paper 1. A comparison with the control particle coating was made and the
pure AMP powder was used as the reference. As seen from the Raman spectra in
Figure 12, three characteristic absorption bands present in the pure AMP sample can
be seen as small bumps in AMP particle coating sample at 760 cm™, 1015 ¢cm™ and
1552 cm!. All three signals can be directly connected to molecular features
present in the tryptophan end tag of the AMP molecule. Absorption bands at 760
cm! and 1015 cm™! can be ascribed to the breathing vibrations of benzene and pyrrole
ring originating from the indole ring present in the tryptophan [57, 58]. Similarly, the
1552 cm™! absorption band can be ascribed to the indole ring signal with stretching
vibration of benzene and pyrrole rings. These results serve as a more definitive proof
of the AMP incorporation in the AMP particle coating structure, however no
conclusion as to the covalent attachment mechanism can be drawn here, due to the
relatively small concentration of the peptide bonds formed in relation to the abundant
polymer background.
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Figure 12. Raman spectra of control particle coating, AMP particle coating and pure AMP.
Black arrows indicate absorption bands characteristic of AMP, indicating AMP presence in the
AMP particle coating.

For additional characterization of the AMP particle coating developed in Paper 1, XPS
was utilized. The survey scans and high-resolution scans of the nitrogen region can be
seen in Figure 13 with the elemental composition seen in Table 1. Upon introduction
of the AMP particles in the particle coating, appearance of the nitrogen (N 1s) signal
could be observed, while absent in control particle coating with the corresponding
concentration of 0.2 at.%. This is a strong indicator towards AMP integration into the
particle structure via covalent attachment of AMP molecules present on the particle
surface. Considering the low analysis depth of XPS (5 — 10 nm) it is probable that the
AMP molecules were at the particle surface in the as-prepared state. Additionally, as
expected from the particle production, hydrogel particle deposition onto PDMS resulted
in increase of the carbon concentration on the control and AMP particle coating
samples, originating from the DA-F127 carbon-based backbone.

Overall, the WCA, Raman and XPS results give a good indication towards the
integration of AMP molecule into the coating structure. It should be noted that both
Raman and XPS utilizes dry samples for analysis, leading to possible peptide
reorientation in dry state and reduced signal intensity. Therefore, analysing particle
coating activity in swollen state via microbiological analysis is of utmost importance to
demonstrate the desired effect of AMP.
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Figure 13. X-ray photoelectron spectroscopy results. (A) XPS survey scans. (B) High
resolution scan of N 1s on AMP particle coating. (C) High resolution scan of N 1s on control

particle coating.

Table 1. Surface elemental composition of the control particle coating, AMP particle coating

and pristine PDMS as determined by XPS.

Atomic percentage, at.%.

Cls O1s Si 2p N 1s
PDMS 44.8 31.1 24.1 -
Particle coating 57.2 28.9 13.9 -
AMP particle coating 56.7 29.1 14.0 0.2
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4.2.2. Mechanical characterization

Tensile and compression testing was performed on the as-prepared PDMS blends
developed in Paper 2 to investigate the composition concentration effect on the blend
mechanical properties. The recorded tensile and compressive stress-strain curves can be
seen in Figure 14. The calculated Young’s modulus and compressive moduli as well as
determined ultimate tensile and compressive strength are displayed in Figure 15.
Additionally, pristine PDMS and crosslinked 30% w/w DA-F127 hydrogel samples
were included as reference materials.

Compositions B and D displayed similar tensile deformation behaviour to DA-F127
hydrogel with slight increase in strength, stiffness and elasticity, as can be seen from
the recorded stress-strain curves and the calculated Young’s modulus. Notably different
tensile deformation character could be seen in composition H with comparable Young’s
modulus, but drastic increase in elasticity (en ~ 240%) — 2 times greater than pristine
PDMS elastomer (eppms ~ 112%) and 3.5 times greater than DA-F127 hydrogel (epa-
F127~ 68%).
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Figure 14. (A) Tensile and (B) compression stress-strain curves of the PDMS blends of varying
DA-F127-PDMS—-H20 concentration, pristine PDMS and 30% w/w DA-F127 hydrogel.

The analysis of blends under compression resulted in varying stiffness response
depending on the strain with low stiffness seen at low strain, followed by deviation in
stiffness upon increased strain. Compositions B and D displayed lower compressive
moduli and comparable compressive strength to the DA-F127 hydrogel. In contrast,
composition H displayed an increased compressive modulus along with higher
compressive strength when compared to both DA-F127 and pristine PDMS.
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Figure 15. (A) Tensile and (B) compressive parameters calculated from the stress-strain curves
of the PDMS blends of varying DA-F127-PDMS—H20 concentration, pristine PDMS and
30% w/w DA-F127 hydrogel.

A combination of factors could have contributed to the strong deviation in the tensile
and compressive behaviour of composition H, such as, material porosity, a reduction in
crosslinking density due to increase in polymer chain length, as well as possible
nanostructural variations discussed in the following section.

Overall, the mechanical testing results highlight how the variation in DA-F127-PDMS—
H>O ratio in the chosen blend compositions can result in materials with tailored
mechanics. By modifying the component concentration, an intermediate rubber-like or
hydrogel-like mechanics can be observed, governed by the individual component
behaviour.

4.2.3. Material structural characterization

Small-angle X-ray scattering was performed on the PDMS blends developed in Paper 2
to probe for ordered phases in the blend structure. Blend compositions were analysed
both in unpolymerized and polymerized state with the recorded SAXS scattering plots
seen in Figure 16. All unpolymerized compositions displayed a main SAXS peak at g =
0.0426 — 0.0439 A seen in Figure 16A that indicate preferential order in the material,
most likely from formation of DA-F127 micelles with calculated average micellar
dimension of 143 — 147 A. For compositions B, D and unpolymerized 30% w/w DA-
F127 gel two secondary peaks at g= 0.06 A™' and ¢ = 0.074 A™! were present
corresponding to peak ratio of 1:\4/3:V8/3 that could be ascribed to micellar cubic
phase [40]. No secondary peaks could be detected in composition H, suggesting that,
although micellar structure was retained, no long-range order was present.

Upon polymerization, loss of secondary peaks could be detected in the SAXS plots for
all compositions as seen in Figure 16B. Additional changes in the shape and intensity
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of the main SAXS peak could be observed, pointing towards increase in the micellar
size distribution upon polymerization as evident from the peak broadening. Few reasons
could have contributed to the loss of secondary peaks for compositions B and D,
namely, random X-ray scattering in a crosslinked material, or loss of order in the
system. Similar observations have been reported on crosslinked DA-F127 hydrogels,
where micellar cubic phase have been retained after polymerization, however resulting
in loss of secondary SAXS peaks [59]. Ultimately, the SAXS results demonstrate how
the polymerized PDMS blends retain their micellar structure seen prior polymerization,
by forming distorted micellar cubic self-assembled phase throughout the system.
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Figure 16. (A) SAXS scattering plot of the blend compositions B, D, H and 30% w/w DA-
F127 gel prior polymerization. (B) Synchrotron SAXS scattering plot of polymerized

compositions including crosslinked 30% w/w DA-F127 hydrogel. Plots have been shifted
vertically for clarity.

4.3. Antibacterial activity of the particle coating

The antibacterial activity of the AMP particle coating developed in Paper 1 can be seen
in Figure 17. Coating samples were incubated overnight with either S. epidermidis or
S. aureus, followed by bacterial detachment and CFU quantification. The results
indicated high antibacterial effect of the AMP particle coating compared to the control
particle coating and pristine PDMS substrates for both S. epidermidis and S. aureus.
AMP particle coatings proved to be slightly more effective against S. epidermidis
resulting in live bacteria reduction by 99.6% (2.4 log, p < 0.001) when compared to
control coatings and 99.3% (2.1 log, p <0.001) when compared to pristine PDMS. AMP
particle coating displayed slightly reduced efficacy against S. aureus, whilst remaining
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highly active with live bacteria reduction by 94.5% (1.3 log, p < 0.001) compared to
control coatings and 99.1% (2.1 log, p < 0.001) compared to pristine PDMS.
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Figure 17. Antibacterial activity of the AMP particle coating against S. epidermidis and
S. aureus from colony counting experiments. CFU/cm? calculated from the projected coating
surface area. N = 9, *** indicates statistical significance with a p-value of p <0.001.

To elucidate the AMP activity mechanisms on the bacterial growth, samples were
challenged with increased bacterial concentration (108 CFU/ml) of S. epidermidis
followed by bacteria fixation and SEM analysis. The micrographs of the control and
AMP particle coatings after 18 h incubation can be seen in Figure 18. It is clear from
the images that introduction of AMPs in the particle coating result in stark differences
in the bacterial growth behaviour, with significantly higher bacterial load present on the
AMP particle coating (Figure 18C and D) with more dispersed growth characteristic
when compared to the control particle coating (Figure 18A and B).

While this may seem contradictive to the CFU results, the SEM analysis gives an
indication to the electrostatic attraction of the AMP and the bacterial membrane
interactions as the basis of the contact killing mechanism. Additionally, considering the
increased bacterial concertation used in SEM analysis, direct comparison to the CFU
results cannot be drawn, serving more as a qualitative indicator of the AMP effect.
Previous studies on DA-F127 hydrogels and hydrogel particles have extensively
demonstrated the contact killing potential of covalently immobilized RRPOW4N,
further enforcing our findings of AMP particle coating as an effective antibacterial
modification strategy of PDMS materials [39, 36].
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Control particle coating

AMP particle coating

Figure 18. SEM images of (A, B) control particle coating and (C, D) AMP particle coating
incubated with S. epidermidis for 18 h, demonstrating the AMP electrostatic attraction
mechanism of the bacterial cells.

4.4. In vitro drug delivery
4.4.1. Drug delivery from the particle coating

To demonstrate an additional functionality of the hydrogel particle coating developed
in Paper 1, drug delivery study with VCM, AMP and IBP as the polar, amphiphilic, and
nonpolar model drugs, respectively, was carried out. It was believed that by utilizing
the polar and nonpolar domains of the DA-F127 hydrogel particle structure, selective
drug loading and release could be obtained. The recorded drug release curves can be
seen in Figure 19 with respect to absolute release in milligrams and the estimated
cumulative release in percent.

VCM exhibited the most rapid burst release with 60% release achieved in the first
15 min reaching equilibrium in around 2 h. Considering the high polarity and water
solubility of VCM, a rapid release patter is to be expected. At a maximum concentration
0f 0.410 = 0.073 mg/cm? or 0.082 £ 0.015 mg/ml VCM release significantly surpassed
MIC for VCM sensitive S. aureus (MIC < 0.002 mg/ml), indicating loading of
therapeutically relevant dose [60].

As to AMP release, a more sustained release pattern was displayed, whilst still retaining
an initial burst of around 30% in the first 15 min. Increase in the maximum release
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concentration and time could be observed with 1.526 £ 0.168 mg/cm? or 0.313 = 0.040
mg/ml of the drug released in ~ 8 h, owning to the amphiphilic nature of the AMP
molecule displaying stronger interactions with the DA-F127 hydrogel particle structure.
As in the case with VCM, therapeutically relevant AMP dose was achieved exceeding
the MIC up to 20 times (MIC for S. aureus ~ 0.012 mg/ml) [36].
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Figure 19. Drug delivery curves of vancomycin, AMP, and ibuprofen release from the control
particle coatings. Delivery dose expressed as (A) milligrams of drug eluted per cm? of projected
coating area, and (B) cumulative release percentage, assuming equilibrium release of 100%,
n=09.

Significantly different IBP release pattern could be observed with maximum
concentration 4.373 + 0.402 mg/cm? or 0.331 + 0.031 mg/ml IBP eluted in ~ 30 h. A
few factors are believed to contribute to the drastically different release behaviour of
IBP: (1) the hydrophobic interactions of the IBP molecule and the nonpolar domains of
the hydrogel, (2) increase in IBP loading solution feed concentration (1% w/v for VCM
and AMP, 7% w/v for IBP) and (3) use of SDS as an elution buffer for enhanced
solubility.

To further elucidate the drug release mechanism and characterize the kinetics, release
data were mathematically fitted to zero order, first order, Korsmeyer-Peppas and
Higuchi drug release models as presented in Table 2.

VCM displayed the best fit to first order release kinetics with highest correlation
coefficient R? = 0.992 and lowest RMSE = 1.246 (Table 3). First order release kinetics
is characterized by concertation-controlled release behaviour and have been previously
reported for delivery of highly water soluble drugs from hydrogels [61]. In the case of
VCM release from the particle coating, hydrogel network swelling and relaxation,
followed by drug diffusion is expected to be the most probable release
mechanism [62, 42].
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Table 2. Mathematical equations of the drug delivery models used to characterize the release
profile of VCM, AMP and IBP from the particle coating.

Kinetic model Equation*
Zero order Q:=Qy+ Kyt
First order Q; = Qe fut
Korsmeyer-Peppas g—t =Kpt"
Higuchi g—t = Kyt

*Qr Qo Qoequals the amount of drug released at time t, initial amount and amount released at
equilibrium, respectively. Ko K7, Kp Ku equals the zero order, first order, Korsmeyer-Peppas
and Higuchi release constants, respectively. Korsmeyer-Peppas release exponent n can be used
to characterize the drug release mechanism.

Table 3. Mathematical modelling of the VCM, AMP and IBP delivery data from the particle
coating.

Kinetic Vancomycin AMP Ibuprofen

model K n R RMSE K n R RMSE K n R’ RMSE
Zero order 15.660  0.737 6273  6.635 0.757 8.398 3.856 0.538 16.798
First order 1.777 0.987 1246 0.447 0.977 2.582 0.241 0.988 2.723
Korsmeyer- 58.980 0.42 0.991 1.174 22.802 0.73 0.967 3.094
Peppas

Higuchi  53.690  0.810 5.690  33.800 0.831 7.006 27.140 0.828 10.265

AMP displayed the best fit to Korsmeyer-Peppas model with R? = 0.991 and RMSE =
1.174. Korsmeyer-Peppas model is a semi-empirical model, where the exponent n can
be used to investigate the drug delivery mechanism of unknown delivery systems [63].
In theory, if n=0.50 Fickian diffusion is the governing force for drug delivery via
solvent penetration. If n= 1.0 the drug delivery is time-independent and limited by
polymer relaxation and swelling rate, as in the zero-order model. For 0.50 < < 1.0
anomalous transport of simultaneous diffusion and polymer relaxation occurs in a time-
dependent manner. For AMP release from the particle coating n = 0.42 signifying quasi-
Fickian drug release behaviour facilitated by diffusion.
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IBP displayed the best fit to the first order release model with R’ = 0.988 and RMSE =
2.723 with the Korsmeyer-Peppas release exponent n = .73, indicating IBP delivery
mechanism to be of simultaneous combination of diffusion and polymer chain swelling.
With IBP being of low water solubility, its propensity to migrate in the hydrophobic
domains of the micellar cubic DA-F127 structure is expected, with the slow swelling of
the micelles upon elution as the rate limiting factor in IBP delivery.

Ultimately, with the particle coating exhibiting drastically different release behaviour
depending on the drugs’ chemical polarity, it can be concluded that the hydrogel particle
coating can serve as multifunctional PDMS modification strategy for drug delivery.

4.4.2. Swelling measurements of the PDMS blends

To evaluate the swelling properties of the PDMS blends developed in Paper 2, the as-
prepared compositions were swollen in water with the recorded weight changes over
time seen in Figure 20.
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Figure 20. Water swelling measurements of the PDMS blends of varying DA-F127-PDMS—
H20 concentration and 30% w/w DA-F127 hydrogel.

All test composition retained their weight for 7 days without any mass loss, indicative
of stable crosslinking between the polymer phases. When compared to DA-F127
hydrogel, compositions B, D an H exhibited reduced swelling degree pointing towards
increased network crosslinking density in the presence of PDMS. Nonetheless a stable
hydration profile could be observed for all compositions with equilibrium swelling
degree reached after ~ 72 h, and maximums swelling degree of 270%, 170% and 55%
for composition B, D and H, respectively. As expected, DA-F127 hydrogel displayed
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significantly higher and rapid hydration reaching maximum swelling after ~ 4 h. The
swelling measurements illustrate that by tailoring the PDMS blend composition, large
variation in the swelling degree and water uptake can be achieved with special
significance in the encapsulation and delivery of drugs discussed in the following
section.

4.4.3. Drug delivery from the PDMS blends

To evaluate the drug encapsulation and release properties of the PDMS blends
developed in Paper 2, drug delivery studies were performed utilizing VCM and IBP as
the polar and nonpolar drugs, respectively. The recorded drug release curves of the
different compositions can be seen in Figure 21.
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Figure 21. Drug delivery curves of (A) vancomycin and (B) ibuprofen release from the PDMS
blends. Delivery dose expressed as the amount of drug released per unit of sample mass.

Similar to the water swelling measurements, compositions B and D displayed the
highest dose of drug delivered both for VCM and IBP. For VCM, an initial burst release
followed by a sustained release behaviour could be observed for up to 7 and 6 days for
B and D, respectively, with very similar profiles generated. For IBP, a gradual profile
was displayed with equilibrium dose delivered after ~ 5 days. Here composition B was
seen to deliver the highest IBP dose — 17% more than composition D. Considering the
high DA-F127 and water content in the compositions B and D increased drug dose can
be expected, when compared to the more PDMS rich composition H.

Composition H resulted in the lowest drug dose eluted both for VCM and IBP. VCM
profile displayed a minor burst release in the first few hours, with no additional release
detected afterwards. Considering the high PDMS and low DA-F127 content, a reduction
in the polar drug’s initial uptake can be expected, indicating nonuniform distribution of
the VCM throughout the material structure, with majority located near the surface. A
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sustained delivery profile was observed for IBP release with gradual increase reaching
equilibrium after ~ 3 days, indicative of a more uniform distribution of the nonpolar
drug. As in the case of IBP delivery from the hydrogel particle coatings discussed
previously, all blend compositions displayed increase in the IBP dose delivered
compared to VCM due to a combination of factors, namely, (1) use of acetone as the
loading buffer facilitating the composition swelling and drug uptake, (2) the
hydrophobic interactions of the IBP molecule and the nonpolar domains of the PDMS
and DA-F127 structure leading to a more sustained elution, (3) increase in IBP loading
solution feed concentration (1% w/v for VCM and AMP, 10% w/v for IBP) and (4) use
of SDS as an elution buffer resulting in enhanced solubility.

Overall, results gathered from the drug delivery study demonstrates how the PDMS
blends are capable to encapsulate and release both polar and nonpolar drugs in a
sustained manner, demonstrating improved functionality of the materials compared to
pristine PDMS and DA-F127 hydrogels alone.

4.5. 3D printing of the PDMS blend

As a proof-of-concept of potential medical device, the blend composition B developed
in Paper 2 was chosen to demonstrate the material’s processing capabilities via
extrusion-based 3D printing. Figure 22 demonstrates how composition B could be
successfully employed to print a capillary tube and scaled-down human nose model
with high resolution and precision. Upon addition of the DA-F127 in the blend
composition, unpolymerized gels acquire rheological properties suitable for 3D
printing, displaying shear-induced flow capable of recovering its structural integrity
upon removal of the force [64, 59]. This type of behaviour is characteristic of LLC gels
like the Pluronic F127, therefore additionally motivating DA-F127 addition in the blend
system. The material’s ability to be 3D printed offers an improved application potential
where customised geometries can be printed for different biomedical applications.

Figure 22. 3D printed capillary tube and scaled-down human nose from lend composition B
(40-15-45% w/w).
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5. Conclusions

The work presented in this thesis aimed to develop two alternative
polydimethylsiloxane (PDMS) modification strategies to produce elastomers with
antibacterial and drug-release properties.

The study resulted in successful surface modification of PDMS with an antimicrobial
peptide-hydrogel microparticle coating, that enabled contact killing antibacterial effect
along with localised drug release feature. The results demonstrated a stable hydrogel
particle coating onto PDMS, developed by physically immobilizing hydrogel particles
on the PDMS surface via interpenetrating polymer network formation. The
physiochemical characterization confirmed PDMS surface modification with
hydrophilic properties along with covalent immobilization of AMP. Upon covalent
attachment of AMP, the coatings exhibited high antibacterial effect against
S. epidermidis and S. aureus — clinically relevant strains present in medical device-
associated infection — which have important implications for infection inhibition.
Additionally, sustained drug delivery capacity of polar, amphiphilic, and nonpolar
drugs was demonstrated using vancomycin, AMP, and ibuprofen, as the respective
model drugs yielding multifunctional PDMS surface properties.

As a second alternative bulk PDMS modification was utilized, resulting in synthesis of
novel PDMS-hydrogel blends with localized drug delivery capacity. PDMS and triblock
copolymer (diacrylated Pluronic F127) hydrogel blends were prepared exploring
various ternary PDMS-DA-F127-H>O compositions. Three compositions of interest
were further investigated, demonstrating tailorable mechanics and water retention
capacity along with self-assembled nanostructure. A sustained drug release profile was
generated upon encapsulation and release of polar vancomycin and nonpolar ibuprofen
drugs, endowing the PDMS elastomer with improved functionalities.

Ultimately, both strategies offer a potential solution for the mitigation of medical
device-associated infection via development of antibacterial PDMS materials with a
potential application in medical device production.

41



42



Future perspectives

6. Future perspectives

The current work focused on using hydrogel particles produced by top-down methods,
resulting in a wide size distribution. For future work, it would be of interest to
investigate the particle size distribution effect on the resulting antibacterial activity by
varying the size of immobilized particles with potential improvements in the
antibacterial properties. Although in the work so far, particle coatings have been
demonstrated to have dual function of antibacterial contact killing effect and drug-
eluting properties, it would be interesting to investigate co-administration possibilities
for a simultaneous rapid contact killing effect as well as a sustained antibacterial effect.
Additionally, antibacterial activity analysis must be carried out on broad spectrum of
gram-negative and drug-resistant bacterial strains for a more detailed insight in the
antibacterial activity limits generated by the AMP particle coating.

Regarding the PDMS blends, the research has so far focused on using one type of
silicone and one type of amphiphile, which offers a strong potential for exploring new
material combinations. For further improvement of the blends’ stability and
functionality, silicones of different molecular weight and functionality could be used,
along with Pluronic molecules of modified PEO-PPO block length. Further on, to closer
address the objectives of development of antibacterial elastomers, it would be of interest
to investigate the direct AMP attachment to the blend surface, to endow the blends with
contact killing potential, along with drug-eluting capacity, resulting in multifunctional
materials. Ultimately, in vitro antibacterial activity of the produced blends ought to be
tested against common bacterial strains involved in medical device associated
infections.

To facilitate the use of elastomeric materials developed in this thesis for real-life
medical device applications, in vitro cytotoxicity assays need to be carried out on the
developed materials, to evaluate cell-material interactions from a biocompatibility point
of view and identify any potential toxic effects. Additionally, to give a more realistic
view on how these materials would perform in vivo, an in vivo antibacterial activity tests
can be performed on an animal infection models.
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