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Flexible and Biocompatible Antifouling Polyurethane
Surfaces Incorporating Tethered Antimicrobial Peptides

through Click Reactions

Mattias Berglin, Jorunn Pauline Cavanagh, Josefin Seth Caous,
Balmukund Sureshkumar Thakkar, Jeddah Marie Vasquez, Wenche Stensen, Benny Lyvén,

John-Sigurd Svendsen, and Johan Svenson*

Efficient, simple antibacterial materials to combat implant-associated
infections are much in demand. Herein, the development of polyurethanes,
both cross-linked thermoset and flexible and versatile thermoplastic, suitable
for “click on demand” attachment of antibacterial compounds enabled via
incorporation of an alkyne-containing diol monomer in the polymer backbone,
is described. By employing different polyolic polytetrahydrofurans,
isocyanates, and chain extenders, a robust and flexible material comparable to
commercial thermoplastic polyurethane is prepared. A series of short
synthetic antimicrobial peptides are designed, synthesized, and covalently
attached in a single coupling step to generate a homogenous coating. The
lead material is shown to be biocompatible and does not display any toxicity
against either mouse fibroblasts or reconstructed human epidermis according
to ISO and OECD guidelines. The repelling performance of the peptide-coated
materials is illustrated against colonization and biofilm formation by
Staphylococcus aureus and Staphylococcus epidermidis on coated plastic films
and finally, on coated commercial central venous catheters employing
LIVE/DEAD staining, confocal laser scanning microscopy, and bacterial
counts. This study presents the successful development of a versatile and
scalable polyurethane with the potential for use in the medical field to reduce
the impact of bacterial biofilms.

1. Introduction

Healthcare costs represent major expenses
for any country, and it has been esti-
mated that the US healthcare system ac-
counts for nearly 20% of the nation’s
economy.l! Infections caused by multire-
sistant pathogens represent a significant
contribution to the burden of the healthcare
system, both from an economic and a hu-
man perspective.>>] One challenging area
where infections lead to extensive patient
suffering is those associated with bacterial
biofilms, implants, and invasive medical
devices.>®] Even with the advances made
in minimally invasive surgery and asep-
tic techniques, infections associated with
medical device implantation remain a com-
mon complication.[®*1% Clinically, unsuc-
cessful treatment often leads to costly and
painful replacement surgery and extended
patient suffering.®!!] Other common, and
potentially fatal conditions such as uri-
nary tract infection!!?l (UTI), ventilator-
associated pneumonia,¥] and catheter-
related bloodstream infection!>!*! are often
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Figure 1. Top: Alkyne functionalized diols developed by Du Prez and co-workers!4?l and evaluated in the current project. Bottom image: Schematic
representation of click-mediated AMP functionalization of a PU-film incorporating alkyne-containing monomers.

directly linked to the formation of bacterial biofilms on catheter
surfaces.l>77] While critically ill patients are most affected by in-
fections associated with medical devices, ~#75% of nosocomial
UTIs are associated with indwelling urinary catheters,['® which
are employed during the treatment of 12-21% of all hospitalized
patients.["]

Apart from limiting the unnecessary use of catheters,!*") other
options that have been evaluated to prevent or limit the ex-
tent of bacterial colonization include smart functionalized coat-
ings that act either as direct bacterial killers or as settlement
repellents.l”2122] For example, incorporating a slow-release an-
tibiotic into the implant or coating via hydrolytically degradable
multilayers or by bonding to graphene that sequentially deliv-
ers the antibiotic has been shown to increase tissue integration
and lower infection occurrence.[?'?*?%1 ZnO nanorods, superhy-
drophobic surfaces, and noble metal nanoparticles have also all
been evaluated for their use in preventing the formation of bac-
terial biofilm on medical devices and implants.[21:2%:25:26]

While many of the methods depend on the releasel?’? of an
antibacterial component, an increasing number of studies are
also focusing on developing coatings that incorporate elements
from the innate immune system,[?>3%] as recently reviewed by
Negut and co-workers.[3! These strategies rely on surface graft-
ing of antimicrobial peptides (AMPs), whereby the peptide pro-
vides either a repelling, bacteriostatic, or bactericidal activity that
prevents bacterial colonization.??3*] Numerous parameters in-
fluence the successful tethering of an AMP to a surface while
maintaining bioactivity,®! and recent studies have highlighted
their potential.[3:3236:37]

Synthetically modified AMPs can be designed with increased
stabilityl®] and improved antibacterial effect,3**%l and anchor-
ing functionalities can be incorporated into them to allow co-
valent surface attachments.*'*% Our recent studies on short
mimics of lactoferricin-based AMPs!*! have revealed their high
and rapid disinfecting potential when employed in both wound
dressings'*!l and antifungal cream preparations.[*”) Short active
AMP mimics are readily prepared*] and can be well tolerated in
vivo, with low irritability or toxicity.*}] As such, they have promis-
ing attributes, making them suitable for incorporation into func-
tional coatings!*"**! for medical applications. This is also a strat-
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egy that circumvents some of the challenges associated with re-
alizing the potential of AMPs in systemic use.[*#6]

Polyurethane (PU) is commonly used in medical devices and
the material is often generated via step-growth polymerization,
employing diioscyanates, polyols, and diol chain extenders.[*748
PU is a versatile material, and the ongoing research into de-
veloping antibacterial PU coatings was recently extensively re-
viewed by Wang and co-workers.I?] Functionalization of PU
can be achieved via several methodologies,264>>% and incorpo-
ration of a range of functional compounds such as poly(ethylene
glycol),51l monoethylene glycol hydroxide,[®?) quaternary ammo-
nium compounds,>3 and zwitterions!>*! has been used to reduce
bacterial adhesion and growth. Successful examples of a PU com-
bined with AMPs, either via releasel®®! or covalent coating,*!
have also been published.[?°!

For commercial production of medical materials, simplic-
ity is key, and incorporation of functionalized monomers into
the polymer synthesis has been shown to be a successful ap-
proach for PU functionalization.[*! Alkyne-containing diols have
been incorporated in PU films and foams by Du Prez and
co-workers(>¢l and by Ott et al.>”] by employing either 3,5-
bis(hydroxymethyl)—1-propargylbenze (PBM) or 2,2-di(prop-2-
ynyl)propane-1,3-diol (DPPD) to present alkyne functionalities,
allowing for quantitative surface coupling reactions via click
chemistry,*] as schematically shown in Figure 1.

In the current study, we report the development of a novel flex-
ible PU coating that can be readily functionalized with AMPs to
generate a protective coating. This relies on tailor-made synthetic
AMPs directly covalently linked via copper-catalyzed 1,3-dipolar
cycloaddition (CuAAC) chemistry that has been successfully
used on other materials.[®®>?] Direct peptide coupling circum-
vents many of the challenges associated with anchoring AMPs
that severely limit the production and clinical applicability of the
materials.[?!] This study includes the development of optimized
AMPs for surface attachment, as well as the rational design and
evaluation of a novel flexible and biocompatible PU material
suitable for medical coating applications beyond the limitations
of crosslinked PU previously reported. The active AMPs were
coupled to the PU, and the final hybrid materials were exten-
sively characterized physically, mechanically, chemically, and
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biologically before being evaluated as functional antibacterial
coatings in vitro.

2. Experimental Section

2.1. Peptide Synthesis + Antibacterial Evaluation in Solution In
Vitro

Peptides were prepared by Amicoat A/S and used as re-
ceived. Briefly, AMC-109 was prepared according to literature
procedures,*¥l while AMC-08-89 and AMC-25-01 were synthe-
sized on 2-chlorotrityl resin and Rink Amide AM resin, respec-
tively, using standard Fmoc-protocols.®”) The PEG-linker was at-
tached to the side chain-protected AMC-08-89 peptide in solution,
while the whole AMC-25-01 was assembled on the resin. AMC-
25-04 was generated by attaching AMC-109 to a PEG-linker.[®!]
See Supporting Information for additional information regard-
ing synthesis, including NMR characterizations (Figures S1-S3
and Table S1, Supporting Information). The peptides were puri-
fied using reversed-phase HPLC on a Supelco Ascentis C18 col-
umn (10 pm, 21.2 x 100 mm), with a mixture of water and ace-
tonitrile (both containing 0.1% trifluoroacetic acid (TFA)) as elu-
ent. The purity of the peptides was analyzed by RP-HPLC using
a Supelco Ascentis Express C18 column (2.7 um, 3.0 X 100 mm)
and positive ion electrospray mass spectrometry on a Thermo Or-
bitrap mass spectrometer.

The minimal inhibitory concentration (MIC) of each peptide
was determined against Staphylococcus aureus (S. aureus, ATCC
29213), Escherichia coli (E. coli, ATCC 25922), and Staphylococcus
epidermidis (S. epidermidis, RP62a), via serial dilution according to
Wiegand et al.l?] Briefly, three to five colonies, from freshly pre-
pared blood agar plates, were grown under shaking conditions in
3 mL Mueller-Hinton Broth (MHB) for two to 6 h to prepare 1 x
107 cfu mL™! stock solutions, as determined by measurements
of optical density (OD) at 600 nm. The bacterial suspension was
further diluted 1:10 in MHB to generate final inoculums (1 x
10° cfu mL™!), as confirmed by viable count. Peptides were dis-
solved in dimethyl sulfoxide (DMSO) to a concentration of 20 mg
mL~!, serially diluted to suitable concentration (128-2 pg mL™),
and added to microtiter plates (10 uL in each well). The bacte-
rial inoculum (90 pL) was added to each well before the plates
were incubated at 37 °C for 20 h in humid environment to ob-
tain satisfactory growth. Bacterial growth was analyzed by visual
examination and OD measurement at 600 nm. The MIC was de-
fined as the lowest antimicrobial concentration inhibiting the vis-
ible growth of the bacterium investigated (a 50% reduction in OD
was set as the limit). Each peptide concentration was analyzed in
duplicate. Inoculum, including the highest used concentration
of DMSO (0.6%) was used as growth/negative control, DMSO
in growth medium was employed as sterility control and blank.
Gentamicin sulfate (Sigma Aldrich G1914) and AMC-109 were
used as positive controls.

2.2. Polyurethane Synthesis
Poly(tetrahydrofuran) (PTHF) (CAS 25190-06-1, M, = 950-
1050 g mole~! and M, = 2825-2976 g mole™!) and diisocyanates
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(isophorone diisocyanate (IPDI), CAS 4098-71-9, toluene di-
isocyanate (TDI), CAS 584-84-9, 4,4’-methylenebis(phenyl iso-
cyanate) (MPI), CAS 101-68-8, and hexamethylene diisocyanate
(HDI), CAS 822-06-0) were obtained from Sigma Aldrich, Swe-
den. Glycerol ethoxylate-co-propoxylate triol (CAS, 51258-15-2),
1,3-propanediol (CAS, 504-63-2), 2-ethylhexyl diphenyl phos-
phate (CAS, 1241-94-7), and anhydrous (<50 ppm) dimethylfor-
mamide (DMF) were also provided by Sigma Aldrich, Sweden.
The dimethyltin dineodecanoate catalyst was provided by Avi-
son GmbH, Germany. The poly(tetrahydrofuran) was dried for
16 h at 60 °C under vacuum prior to use, while the glycerol
ethoxylate-co-propoxylate triol and diisocyanates were used as
received. The 3,5-bis(hydroxymethyl)—1-propargylbenze (PBM)
and 2,2-di(prop-2-ynyl)propane-1,3-diol (DPPD) chain extenders
were received from Amicoat A/S and stored under dry conditions
in an exicator before used.

2.3. Cross-Linked Polyurethane

Cross-linked PU films were prepared by adding a controlled
amount of PBM and 1,3-propanediol to a glass vial (10 mL).
To facilitate polymerization and polymer stability, a triol (glyc-
erol ethoxylate-co-propoxylate triol) was added (1.5-2.3 mol%)
The mixture was heated to 90 °C while being stirred and then
purged with N, (g). When a homogenous mixture was attained,
isocyanate monomers (IPDI and TDI) were added. The molar ra-
tio between total isocyanate and hydroxyl functional groups was
shifted toward isocyanate (1.02-1.05). Polymerization was ini-
tiated by adding dimethyltin dineodecanoate catalyst dissolved
in 2-ethylhexyl diphenylphosphate, reaching a final concentra-
tion of 0.4%. After 10-15 s of mixing, polymer films were pre-
pared on polyester (polyethylene terephthalate, PET, Kodak ES-
TAR, Rochester, USA) substratum using a 500 um film applica-
tor. After application, the films were cured at 70 °C for 1 h. Films
were extracted in EtOH and acetone, dried at 70 °C overnight,
and stored under ambient conditions before being analyzed.

2.4. Flexible Segmented Thermoplastic Polyurethane

For synthesis of the prepolymer, dried PTHF (~0.005 mol) dis-
solved in DMF (40 mL) was added to a three-necked round-
bottom flask (100 mL) fitted with a burette, condenser, and gas-
tight mechanical stirrer. The flask was placed in an oil bath at
80 °C, purged with nitrogen, and stirred with a Teflon blade. Di-
isocyanate (MDI, TDI, or HDI) was then charged to the flask
at an NCO:OH ratio of 2:1. Dimethyltin decanoate catalyst (0.4
w/w% based on total monomer mass) dissolved in DMF (10 mL)
was added, and the reaction was carried out until the theoreti-
cal isocyanate content was reached, as determined by following
the disappearance of the isocyanate absorbance at 2270 cm™! us-
ing ATR FT-IR. For the final polymer synthesis, 0.005 mol (mo-
lar ratio NCO:OH 1:1) of PBM was dissolved in DMF (10 mL)
and added to the prepolymer. Polymerization was carried out
at 80 °C under nitrogen purge until a stable molecular mass
was reached, as determined by size exclusion chromatography
(SEC). The reaction mixture was precipitated in ice-cold Milli-
q water, then washed three times in water and once in ethanol.
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The finished polymer was dried in a vacuum at 70 °C until stable
mass was reached (typically 20-24 h). Thin films (=25 pym) for
characterizations and functionalization were prepared on PET
substratum (Kodak ESTAR, Rochester, USA). The PU polymer
was dissolved in BHT stabilized (0.025%) tetrahydrofuran (THF,
VWR chemicals, France) at 1 w/v%, and films were prepared us-
ing a 200 pm film applicator followed by solvent evaporation at
ambient RT overnight. Thicker films (%250 um) were prepared
on polytetrafluoroethylene (PTFE) foil (ESSKA, Sweden) using
a 10% w/v% PU solution in THF and a 500 pm film applicator.
After preparation, solvent was allowed to evaporate for at least 3
days. Before analysis, the PU-film was removed from the PTFE
foil and cut into suitable pieces.

2.5. Polymer Characterization

The polymers were evaluated using a suite of spectroscopic and
mechanical methods, as described in the supporting material.

2.6. CuAAC Reaction
2.6.1. In Solution

Acetonitrile, TFA, sodium ascorbate salt, and copper sulfate pen-
tahydrate (CuSO,-5H,0) were purchased from Sigma Aldrich,
Sweden. PBM and AMC-25-04 were provided by Amicoat AS,
Norway. Probing of optimal coupling conditions was performed
with ranging concentrations of ascorbic acid and copper sulfate.
For a typical solution reaction, 250 pL of aqueous PBM (3.2 mm)
was mixed with 250 pL of peptide (3.2 mm), also dissolved in
deionized water. Varying amounts of ascorbic acid (0.16-20 mm)
and copper sulfate (0.032-3.2 mwm) were added as aqueous solu-
tions at 250 uL each to reach a final volume of 1 mL. The reac-
tions were monitored for 40 h at ambient temperatures using a
Perkin Elmar Flexar HPLC fitted with a Flexar binary pump. The
compounds were separated using gradient elution (from 25% to
40% acetonitrile) over 60 min using mixtures of acetonitrile and
deionized water (0.1% TFA in each solvent). Next, 10 uL of the
reaction mixture was injected into the column (Quasar C18 col-
umn 250 X 4.6 mm inner diameter, 5 um particle size) and heated
at 30 °C in a Flexar Peltier LC Column Oven that housed it. The
signal was detected and processed with a Flexar PDA Plus Detec-
tor with a 10 mm flow cell. Data were collected at both 254 and
280 nm, with the data processed primarily being from the 254 nm
readings. Verification and quantification of the formation of the
solution click products were also performed using MS. The sam-
ples were separated by LC (Acquity UPLC I Class, Waters) using
an Acquity UPLC CSHT C18 1.7 um column at 70 °C. The gra-
dient employed was from 95:5 of 0.1% formic acid 0.05% TFA in
water:0.1% formic acid 0.05% TFA in acetonitrile to 5:95 in 2 min
at a flow rate of 0.8 mL min~'. The analytes were detected by ESI
in positive ion mode by MS (G2-S QTOF, Waters) and data were
evaluated using the MassLynx 2.1 (Waters) software.

2.6.2. On Alkyne Functionalized PU

The conditions for coupling peptide to the PU films with differ-
ent compositions were investigated to find conditions yielding a
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reproducible, stable, and flexible PU material. The functionaliza-
tion was carried out according to the following general protocol.
Pieces of PU film were prepared and placed in an Eppendorftube.
The PU films were washed first in EtOH for 5 min, followed by
Milli-Q water (3 X 5 min). The Cu (II) solution, the ascorbic acid,
and the peptide solution were then added to the tube. The Cu
concentration was varied between 2 and 1000 nwm, the ascorbate
concentration between 4 and 2000 nwm, and the peptide concen-
tration between 0.05 and 10 pum. After a controlled time period
at ambient room temperature (RT), the reactants were removed
and the PU films were washed in Milli-Q water (3 X 5 min). The
films were allowed to dry in RT for 1 h before being refrigerated
until further tests. For most coating experiments, a molar ratio of
peptide:CuSO,:ascorbic acid of 1:2:10 with overnight incubation
was employed. The presence of peptide on the prepared surfaces
was verified using X-ray photoelectron spectroscopy (XPS), time-
of-flight secondary ion mass spectrometry (ToF-SIMS), static con-
tact angle measurements, and quartz crystal microbalance with
dissipation monitoring (QCM-D).

2.7. Biocompatibility According to ISO 10993 and ISO/TC
194/WG 8

2.7.1. Fibroblasts

MTT cytotoxicity tests were performed on L929 mouse fibrob-
lasts. Polymer films were extracted, and the cytotoxicity of the
leachates was assessed according to ISO 10993-5:2009 Annex C.
Polymer pieces 10 X 20 mm (100 pm thick) were employed for
the cytotoxicity assay. Briefly, for the cytotoxicity test, two con-
centrations of the polymer extract (100% and 50%) were used
together with positive control (latex rubber) and negative con-
trol (Thermanox Plastic Coverslips) extracts. All dilutions were
performed with blanks (extraction vehicle not containing the test
item but subjected to conditions identical to those to which the
test item was subjected during extraction). Each extract solution
was added to six replicate wells containing a subconfluent mono-
layer of 1929 cells. Blanks were also placed in six wells on each
side of the 96-well plate to confirm that no systematic cell seed-
ing errors occurred, as well as to serve as a 100% measure of cell
viability. After the extracts were added, the plate was incubated
for24hat37 +£1°Cin5 + 1% CO,. Following incubation, the
extracts were removed, MTT solution was added to each well, and
the cells were incubated for 2h at 37 + 1 °Cin 5 + 1% CO,. Af-
ter incubation, the MTT solution was removed and 2-propanol
was added to each well. The plate was then shaken rapidly until
the formazan from the cells had been extracted and formed a ho-
mogeneous solution on which the absorbance was measured at
570 nm (reference wavelength 650 nm) to quantify cell viability.

2.7.2. Reconstructed Human Epidermis

Human skin models (reconstructed epidermis) were obtained
from MatTek In Vitro Life Science Laboratories. The skin mod-
els were shipped at 4 °C on transporting agarose and were used
within 96 h of arrival according to manufacturer certification
and specification. Before use, the tissues were removed from the
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agarose and placed individually in each well of a sufficient num-
ber of six-well plates pre-filled with EpiDerm assay medium. They
were then placed in an incubator for 60 + 5 min (37 = 1 °C
and 5 & 1% CO,). At the end of the 60-min incubation period,
the medium in the wells was removed and replaced with fresh
medium. The tissues were then incubated (37 +1°Cand 5 + 1%
CO,) overnight to allow the tissues to recover from transporta-
tion. Polymer extracts were prepared in amber glass vials. The
polymers were extracted in saline and in sesame oil according to
IS0 10993:12-2012, employing the specified ratios of surface area
to extraction volume. Extraction was performed at 37 + 1 °C for
72 + 2 h with continuous agitation. For the skin irritation test, an
exposure time of 18 h was used. Each polymer extract and control
were added to three individual skin models (tissues). Saline and
sesame oil were employed as negative controls, and 1% SDS solu-
tion (in saline) was used as a positive irritant control. The models
were incubated at 37 + 1 °C and 5 + 1% CO,. Following incuba-
tion, the polymer extracts and controls were removed by extensive
washing with DPBS. The washed tissues were transferred to 24-
well plates containing MTT solution, where they were incubated
for 3h + 5minat 37 +1°Cin 5 + 1% CO,. After incubation,
the MTT solution was removed and the skin models were trans-
ferred to 24-well plates pre-filled with 2-propanol and the plates
were then sealed to inhibit evaporation. The plates were shaken at
120 rpm for 2 h to allow complete extraction of formazan from the
cells. Finally, 200 pL of the solution was pipetted in duplicate into
a 96-well plate and the absorbance was measured as described for
the fibroblast experiment.

2.8. In Vitro Antibacterial Evaluation of Peptide-Coated Materials
2.8.1. Microscopy Images of Peptide-Coated Surfaces

Overnight colonies of S. epidermidis (RP62a) and S. aureus (ATCC
29213) in tryptic soy broth (TSB, Sigma Aldrich, Missouri, USA)
were used to prepare a 0.5 McFarland (1 x 10® cfu mL™!) sus-
pension and further diluted in TSB with 1% glucose to 10° cfu
mL~!. Next, 50 uL of bacterial solution was applied to the test ma-
terial, which was placed in an incubation chamber and incubated
at 37 °C for 24 h. After incubation, the test material was rinsed
once with PBS by agitation in a well plate, for 5 min, on an or-
bital shaker (100 rpm). The PBS was exchanged, and the plate
was further shaken for 5 min. The films (1 X 3 cm) were left in
fresh PBS until stained and imaged. Bacterial viability was eval-
uated by staining with LIVE/DEAD BacLight Bacterial Viability
Kit (Thermo Scientific, Massachusetts, USA). Biofilms were ob-
served using a Leica confocal microscope LSM800 (S. epidermidis)
and a Zeiss LSM700 confocal microscope (S. aureus). Two repli-
cates of each treatment were analyzed at two different positions
(150 x 150 pm). The full experiment was repeated once, starting
with a new bacterial suspension. Data presented are the grand
mean from the two experiments (+ 95% confidence interval).
Significant differences between control and peptide functional-
ized surface were evaluated by Mann—-Whitney non-parametric
unpaired U test. Images were evaluated using Image] software
(ver. 1.52a, NIH, USA) by first splitting the red and green chan-
nels, followed by transformation to binary, and a particle analy-
sis setting cut-off of 5 pixels? and a circularity of 0.02-1.0. The
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threshold was set so that orange-colored bacteria were found in
the viable (green) channel.

2.8.2. Microscopy Images of Peptide-Coated Catheters

Overnight cultures of S. epidermidis RP62a were diluted 1:100 in
TSB with 1% glucose. Tubes were cutinto 1 cm pieces and further
horizontally divided, before being submerged in the bacterial sus-
pension. The coated catheters were incubated overnight, rinsed
in PBS, and stained with LIVE/DEAD BacLight Bacterial Viabil-
ity Kit (Thermo Scientific, Massachusetts, USA). Images were ac-
quired using the ZEISS Axio Zoom V16.

3. Results and Discussion

3.1. Peptide Design

The present study was performed using a bifurcated design,
where the peptide part was optimized independently from the
PU part. The linker was a short PEG-moiety that was mono- or
polydisperse, displaying an azide moiety in one end, while the
other end was either modified as an amine (for C-terminal con-
nection of the AMP) or as a carboxylic acid (for N-terminal con-
nection to the AMP). The AMPs were based on truncated ver-
sions of bovine lactoferricin that can be structurally simplified
by rational design to yield active short peptides composed only
of cationic and hydrophobic residues.?*#%l Their chemical and
biological properties can be further tuned by incorporating un-
natural basic and hydrophobic amino acids.38406364] Based on
these design principles, a series of peptides were designed and
prepared to allow freedom for click-based surface attachment to
alkyne-functionalized surface points, as presented in Figure 2.

The peptides were selected from two classes, both much
shorter than other peptides generally employed in coating stud-
ies. The first class was designed from marginally active pentapep-
tides with a (WR),-sequence incorporating an additional pheny-
lalanine moiety to improve lipophilicity and, hence, antimicrobial
efficacy, as described by Strem et al.**%] The second class was
our highly developed and modified tripeptide, AMC-109, where
the W in the WR-sequence was replaced by a super-bulky tri-
tert-butyltryptophan residue, ensuring a very high antimicrobial
efficacy.®”! The three peptides H-WRWRFG-NH,, H-FRWRW-
NH,, and AMC-109 were coupled to the corresponding linker
molecules, resulting in AMC-08-89 (monodisperse), AMC-25-01
(monodisperse), and AMC-25-04 (mono- and polydisperse), re-
spectively (Figure 2). The antibacterial effect of the parent peptide
and the PEG-linker modified peptides was evaluated in vitro and
is presented in Table S2, Supporting Information.

While, in theory, all the included peptides fulfill the structural
criteria essential for antimicrobial activity,[*°] it is clear that incor-
poration of the anchoring linker reduces their ability to eradicate
bacteria in solution. Both WRWRFG-NH, and FRWRW-NH,, in-
corporating only natural elements, are moderately active, show-
ing good alignment with previous studies, with reported MIC val-
ues of 10-100 pg mL~1.[6>6] With the PEG-linker attached, how-
ever, both AMC-08-89 and AMC-25-01 can be regarded as inac-
tive in solution. A reduction in antimicrobial activity has previ-
ously been observed for pegylated AMPs, and our results empha-
size that this effect is more pronounced for these short AMPs.[7]
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Figure 2. Structure of the different PEG-linked AMPs prepared during the study.

For longer AMPs, increased activity upon PEG-ylation has been
observed(®®l and it has also been shown that PU modified with
pendant PEG groups can display antifouling properties.[®! It is
possible that the peptides aggregate in solution due to their PEG-
chains and are thus unavailable for interaction with the bacte-
ria in solution.”? Also, for the highly potent AMC-109, a four-
fold reduction in activity upon PEG-ylation was observed (from
4 to 16 pg mL~" against S. epidermidis), compared to the “native”
peptide.[*?] Nevertheless, given the high initial antimicrobial ac-
tivity of AMC-109, AMC-25-04 remained highly active, with MIC
values of 16-64 pg mL™" against the included bacterial strains
with either a mono- or a polydisperse PEG-linker. Based on the
in vitro solution experiments, it was decided that AMC-25-04 is
suited for surface attachment and that the majority of the mate-
rial studies should be devoted to employing it as a bioactive pep-
tide component. Nevertheless, other selected peptides were also
included in specific biological and fundamental material studies
in vitro as peptide coupling references and model compounds.

3.2. Click Chemistry in Solution

The ability to couple the azide-functionalized peptides with the
alkyne-functionalized PBM monomer was established for pep-
tides AMC-08-89, AMC-25-01, and AMC-25-04 employing the
CuAAC reaction.”'7?l The formation of the 1,4-triazole click
products was subsequently followed by RP-HPLC and LC-MS
(Figures S4 and S5, Supporting Information). The formation of
the PBM-peptide conjugate in solution was rapid (<10 min) at
optimized reaction conditions, and these were also employed in
the 2D polymer format to attach the peptide to the polymerized

Macromol. Biosci. 2023, 2300425 2300425 (6 0f14)

PBM.[*%56] Verification of covalent peptide attachment to the poly-
mers was established with XPS, Tof-SIMS, static contact angle
measurements, and reaction conditions, and quantification was
studied with QCM-D, as recently described.!*?]

3.3. Polyurethane Design (PU1-PU8), Polymerization, and
Characterizations of PU1-PU4

For several medical applications, it is imperative that the PU
material is both durable and flexible.[*”8] Initial experiments
were thus focused on creating cross-linked materials (PU1-PU4)
with ranging mechanical and chemical properties incorporating
the PBM and DPPD monomers for peptide attachment accord-
ing to the methodology described by Fournier and Du Prez.[*!
A further series of flexible thermoplastic polymers (PU5-PU8)
were prepared using different isocyanates, hydroxyls, and poly-
ols chain extenders.I”! A range of PU materials of different com-
positions was generated during the optimization and develop-
ment (data not shown). Selected key materials that were advanced
are presented in Table 1. A control material (PU1) and three dif-
ferent cross-linked PU polymers (PU2-PU4) with variability in
the loading of PBM and DPPD were prepared. The incorpora-
tion of PBM and DPPD into the polymer was followed by in-
frared (IR) spectroscopy, with the IR spectrum displaying the ex-
pected absorbances.[*74 The specific alkyne C—H bend absorp-
tion found at 847 cm™! in PBM and at 647 cm™! in DPPD could
be followed during polymer synthesis. The previously employed
PBM alkyne C—H stretch (C=C—H) at 3290 cm~! could not be
employed to follow the reaction events in these systems.[*"] The
cross-linked PU films demonstrated a linear correlation between
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Table 1. Composition of key developed and evaluated PU systems.

www.mbs-journal.de

Composition feed [mol%)]

Chain extender Isocyanate PTHF Polyol

Polymer PBM or DPPD Diol® Triol® IPDI TDI MDI HDI 1000 2900
PU1 0.0 46.7 23 22.0 29.0

PU2 133 37.3 2.1 20.5 26.5

PU3 32.1 14.5 2.3 223 28.5

PU4 63.4 0.0 1.5 15.2 19.7

PUS 25.0 50.0 25.0

PU6 25.0 50.0 25.0
PU7 25.0 50.0 25.0
PU8 25.0 50.0 25.0

3 1,3-propanediol; ? Glycerol ethoxylate-co-propoxylate triol.

composition of monomer feed and absorption (Figure S6, Sup-
porting Information).

The IR observations indicate that the monomer feed rep-
resents the stoichiometric composition of the upper 1-5 um
of the prepared PU films and supports incorporation of PBM
and DPPD monomers in the polymer. It was noticed that
DPPD-containing polymers displayed a higher mass loss upon
wash/extraction in acetone/EtOH (data not shown). Also, the
polymer became opaque during functionalization with peptide,
indicating higher water uptake. No protocols for optimization in
polymerization were pursued, and DPPD-containing polymers
were omitted from further characterizations in this study.

The contact angle measurement is more surface sensitive than
FT-IR and reflects the topmost surface chemistry, making it pos-
sible to assess eventual differences in surface composition as a
function of monomer feed. The static contact angle of the films
increased from 50.2° + 0.7 (PU1) to 62.6° + 1.0 (PU4) (Table 2).
This increase is expected with higher PBM in the feed as the aryl
group is more hydrophobic than the propyl. This result also sup-
ports a relation between monomer feed and surface composition.

The Buchholz hardness of PU1-PU4 increased from 68 + 1.2
mm~! (PU2) to 98 + 3.9 mm~' (PU4), with increased molar frac-
tion of PBM in the monomer feed (Table 2). The PU4 polymer
was hard and glossy, with comparable Buchholz hardness as an
epoxy coating, while PU3 and PU2 polymers, with a higher con-
tent of 1,3-propanediol, were somewhat flexible but still rigid and
hard.l”>]

Table 2. Static water contact angle, Buchholz hardness, and glass transi-
tion temperature T, of polymers PUT-PU4.

Polymer Contact angle [deg]?) BR [mm~']P) Glass transition T, [deg]?
PU1 50.2+0.7 68 + 1.2 n.d.
PU2 56.5+0.8 71+ 1.7 39.9
PU3 57.0+2.0 82 +4.7 50.8
PU4 62.6 + 1.0 98 +3.9 51.2

a . b

) Al values presented are means of six measurements; ) Al values presented are
C|

means of five measurements; ° All values presented are means of two measure-

ments; n.d. = not detected; Error = 95% conf. int.

Macromol. Biosci. 2023, 2300425 2300425 (7 of 14)

Glass transition temperatures (T,) were investigated from 0 to
120 °C, including the important range around 37 °C, at which
phase transitions resulting in higher polymer chain flexibility
could have a profound effect on biology”®! (Table 2). The T, in-
creased with increasing content of PBM in the polymer, ranging
from 39.9 °C (PU2) to 50.8 °C (PU3) and up to 51.2 °C (PU4). T,
is a bulk property and it is well established that T, at the surface
is reduced.l”’! Assuming a decrease in surface T, of 10 °C would
resultin T, of ~#39 °C for the PU3 polymer and 42 °C for the PU4
polymer. All polymers should thereby have large chain segmen-
tal movements at 37 °C, allowing a higher degree of freedom for
peptide alignment and presentation upon interaction with bac-
terial cell membrane, which could be important for the efficacy
of immobilized AMPs. During a 90° bending test, PU4 polymer
showed cracks and delamination from the PET substratum (data
not shown). Neither PU3 nor PU2 showed this fracture behavior
and could thus be more suitable for practical medical applica-
tions.

The uniform distribution of alkyne-containing moieties on
the pm scale was further assessed on polymers PU2-PU4 us-
ing ToF-SIMS. As can be seen in Figure 3, no phase separations
(within the resolution limit, ~#1 um?2) were found when represen-
tative mass fragments originating from different polymer com-
ponents, that is, PEG fragments from the glycerol ethoxylate-co-
propoxylate triol cross-linker and aromatic fragments originating
from the toluene diisocyanate and PBM monomer, are plotted.
No difference in concentration of aromatic fragments between
polymers PU2-PU4 could be seen with ToF-SIMS and PBM was
shown to be homogenously presented at the interface.

3.4. Coupling of Peptide and Antimicrobial Assessment PU2-PU4

PU3 was selected for antimicrobial coating and efficacy studies,
and polymer films were functionalized with peptide AMC-08-89.
Upon peptide attachment, the contact angle increased from an
initial 57.0° + 2.0 up to 61.2° + 1.9. Although statistically verified
(p = 0.01, t-test assuming equal variances), the change does not
conclusively verify peptide attachment to the surface. Attempts
to characterize the peptide attachment and distribution by Tof-
SIMS were unsuccessful as fragments from the peptide and PU
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Figure 3. ToF-SIMS mass images of PBM-containing polymers PU2-PU4. The ion image of mass fragment C,Hs O™ originating from PEG in polymers
PU2, PU3, and PU4 is shown in (a), (c), and (e). The ion image of mass fragment C¢Hs™ originating from the PBM and TDI in polymers PU2, PU3, and

PU4 is shown in (b), (d), and (f), respectively.

were confounded and no specific peptide fragment could be iden-
tified (Figures S7 and S8, Supporting Information). However, the
rapid and selective coupling between the PBM monomer and
peptides, as shown by HPLC and the increased contact angle, po-
tentially induced by the hydrophobic amino acids Trp and Phe
in the peptide, support covalent attachment of AMC-08-89 to the
PU surface.

The antimicrobial efficacy was assessed by performing a
live/dead stain of attached bacteria, visualized by confocal mi-
croscopy, images are shown in Figure 4a,b. On the PU3 con-
trol surfaces (no peptide), 11-16 bacteria per 100 um2 were ob-
served, compared with 2-6 bacteria per 100 um2 on peptide-
functionalized surfaces. This represents a significantly lower de-
gree of viable bacteria on the AMC-08-89 functionalized surfaces,

Control
35 AMC-08-89

T
©
jo)
Q 25 4
I+
Z
o
(=
= 2 1
=
®
2 s
Qo
8
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Figure 4. Confocal microscopy images (150 X 150 um) showing the viability of bacterial cells (Staphylococcus aureus ATCC 29213) attached to a) control
PU3 surface and b) AMC-08-89 functionalized PU3 surface. Data are summarized to show the ratio of viable (green) to non-viable cells (red) on the c)

control and the AMC-08-89 functionalized PU3 polymer.
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Table 3. Molecular mass and Buchholz indentation resistance.

Polymer Contact angle Molecular mass® BR
[deg]? [g mol™'] (M,/M,,) [mm~"]
PU5 76.2+3.8 25 400/14 300 41.9+2.1
PU6 80.8 +4.9 53 600/38 500 358+ 1.9
PU7 64.7 £5.0 51300/36 000 46.7 +2.4
PU8 6283 +83 50 600/33 600 48.6 +£2.3

a . b

) All values presented are means of four to six measurements; ) All values presented
C

are means of two measurements; ) All values presented are means of four measure-

ments; Error being 95% conf. int.

as shown in Figure 4c (p = 0.01, Mann—Whitney non-parametric
unpaired U test).

The observed antibacterial effect was unexpected based on the
high solution MIC value this peptide displayed (Table 1). For this
class of short peptides, it appears that the PEG-spacer inhibits
optimal interaction with the bacterial cell membrane in solution,
and that the 2D format may limit the detrimental effect of the
PEG-spacer, allowing the peptide to regain activity when immo-
bilized. This PEG-spacer is important for the surface activity, and
efficacy studies on the effect of spacer length of different tethered
peptides have been reported.l’s7°]

3.5. Polymerization and Characterizations PU5-PU8

Despite the observed initial positive biological results, it was de-
cided to continue with more flexible thermoplastic PU materials
(PU5-PUS, Table 2) due to the limited processability and flexibil-
ity at high PBM concentrations of the initially developed PU2-
PU4 thermoset polymers.[’*]

The optimization of the polymerization conditions was moni-
tored by IR spectroscopy following the disappearance of the iso-
cyanate group during the synthesis of the prepolymer and final
polymer, as well as the characterization of the final PU films
(Figure S9, Supporting Information). The polymerization reac-
tion was also studied by SEC, following the increased molecular
mass as a function of polymerization time (Figure S9, Support-
ing Information). The presence of the alkyne functionality at the
interface was further verified by confocal Raman spectroscopy
(Figures S10-S12, Supporting Information).

The static contact angle of the films ranged from 62.8 +
8.3 (PUS) to 80.8 + 4.9 (PUG6) (Table 3). Notable is that two
groups were formed in which the two highest contact angles
were recorded for the polymers containing HDI (PU5 and PUG),
while the aromatic containing polymers (PU7 and PUS) dis-
played lower contact angles. The molecular mass (number aver-
age and weight average) of the polymers is presented in Table 3.
The molecular mass of the commercial PU material LaripurLPR
7560, which is a TPU with a shore A hardness of 77 and an
elongation at break of 690% according to the manufacturer,
was included as reference material. The measured mass was
nearly 120 000 g mole~!, which is a common molecular weight
for elastomers.[®"] The molecular masses of polymers PU5-PUS8
were approximately half that of LaripurLPR 7560, but still in the
range that has been reported for TPU materials.8!l PU5 gener-
ated much shorter polymer chains as well as higher dispersity
(Table 3).

Macromol. Biosci. 2023, 2300425 2300425 (9 of 14)
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The hardness of the PU films was investigated by performing
the Buchholz indentation test to rationally select the most suit-
able material for further studies,®? as shown in Table 3. Polymers
PU5-PU8 displayed hardness ranging between 35.8 + 1.9 mm™!
and 48.6 + 2.3 mm™'. The new linear materials were much softer
and flexible compared to the cross-linked PU1-PU4, mainly at-
tributed to the incorporation of softer polyols and the removal
of cross-linkers. The HDI isocyanate with high molecular mass
PTHE polyol (PU6) generated the highest molecular mass of the
polymers, as well as being the softest, most flexible PU mate-
rial made, and was selected for further testing. Coatings of PU6
were rapidly prepared by dissolving the polymer in, for example,
THE, followed by an applicator or spray-coating procedure to a
substrate surface.

To verify polymer stability upon heat treatment, PUG was ex-
posed to thermogravimetric analysis (TGA), which can provide
information about the evaporation of substances with low molec-
ular weight, material decomposition, and chemical reactions.[®]
The onset of mass loss in N,, considered to be an indication of
the thermal stability of the polymers, is the same for PU6 and
LPR 7560, and both polymers are stable up to 300 °C (Figure S13,
Supporting Information). Two steps of thermal decomposition
were observed for the materials, which is in agreement with
previous TGA studies of PU.*#I In O,, on the other hand,
the thermo-oxidative degradation occurs at lower temperatures
for PU6 compared with commercial-grade TPU (Figure S13,
Supporting Information). This can be explained by the assumed
addition of stabilizers in LPR 7560 compared with PU6, which
did not have any added stabilizers. The TGA experiments indi-
cate that the prepared PU6 displays a similar heat loss profile
to the commercial TPU reference, and it appears to be equally
stable.

A tensile test on PU6 measured an elongation at break of 582 +
83%, which can be compared to 690% as stated for the LPR Lar-
ipurLPR TPU reference (Figure S14, Supporting Information).
The elastic modulus of PUG6 calculated at the initial linear re-
gion of the stress—strain curve was 6.4 + 2.4 MPa. The tensile
strength of an elastomer is often related to the molecular weight
of the polymer chains, so a somewhat lower tensile strength com-
pared with commercial polyurethanes that have a higher molec-
ular weight is to be expected.®”! The elastic modulus observed
was approximately three orders of magnitude lower than, for ex-
ample, PMMA,®¥ and similar to those reported for other TPU
materials.[®] The mechanical properties determined during the
tensile testing and the sample specifications are summarized in
Table S3, Supporting Information, and a representative stress—
strain curve of the PU6 material is displayed in Figure S15, Sup-
porting Information.

3.6. Coupling of AMP-Linker Peptide Constructs to PU6

To accurately quantify both the kinetics of attachment and final
peptide surface density, QCM-D was employed. The changes in
surface chemistry after covalent coupling were further assessed
by static water contact angle and XPS. Chemical surface imag-
ing was performed by Tof-SIMS. QCM-D has previously been
demonstrated for azide-alkyne click couplings and for surface-
attached microfouling-repelling AMPs.328] In a typical QCM-D
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Figure 5. a) Representative QCM-sensorgrams showing the coupling of peptides AMC-25-04 and AMC-109 at 200 um, 60 min at RT using Cu®™* 20 um
and ascorbic acid 40 um. b) Contact angle of PU6 after coupling using AMC-08-89, AMC-25-01, and AMC-25-04 peptides. Pristine surface is measured
on a coating after evaporation of THF solvent (no wash or extraction procedure). Control surface is treated similarly as peptide functionalized surfaces,
that is, with ascorbic acid/Cu®*, but peptide was omitted in reactant solution. Contact angle was measured 10 s after drop deposition on surface. Data
represent an average of five measurements, with 95% confidence interval. ANOVA was performed to compare the change in contact angle compared
with the pristine surface (p < 0.05). c) Mass imaging resolving the distribution of peptide peak 298.8 m.u. on PU6 surface functionalized with AMC-25-04
(500 x 500 um) d) Mass imaging resolving the distribution of peptide peak 298.8 on control PU6 surface (500 x 500 pum).

experiment, a rapid increase in associated mass upon injection
of a peptide and coupling reagents was observed, as shown in
Figure 5a. The rapid increase in mass was then followed by a
slow, steady increase. The gain in mass could either be physically
adsorbed components or covalently bound peptides, or a mixture
of both and initial washing (2 mL of buffer) removed about 30%
of the non-covalently attached peptide (Figure S16, Supporting
Information).

The PU materials currently developed were designed to exert
biological effects mediated via a covalently attached peptidel*?!
and not via peptide release.l] To verify that the increase in mass
upon the CuAAC reaction was not due to non-specific peptide ad-
sorption, further control experiments with AMC-109, lacking the
azide functionality needed for click attachment, were performed.
As can be seen in Figure 5a, a rapid adsorption of peptide was ob-
served. It is also clear that the peptide was removed in one single
washing step, demonstrating the solely non-covalent adsorption
to PU. The QCM-D results indicate that AMC-25-04 becomes co-

Macromol. Biosci. 2023, 2300425 2300425 (10 of 14)

valently bonded under click conditions and by varying coupling
times and peptide concentrations, surface densities of 3—40 ng
cm™? of peptide were measured by QCM-D. These peptide den-
sities are comparable to those reported elsewhere for peptide-
coated polymers.[323747]

The contact angle of pristine PU6 was measured to 89.1° +
5.6, which is significantly higher than that seen for the previously
prepared rigid PU1-PU4 polymers incorporating PBM at simi-
lar molar ratios (Table 2). The higher flexibility of this material
allows a higher degree of surface reorganization, exposing more
hydrophobic groups toward the interface. Coupling of peptides
AMC-08-89, AMC-25-01, and AMC-25-04 to PUG6 (Figure 5b), to
the surface lowered the contact angle to around 65-70°. This has
previously been seen for immobilized cationic AMPs!®] and in-
dicates that the surfaces become more hydrophilic after peptide
attachment. The decrease in contact angle was more pronounced
with the peptides AMC-25-01 and AMC-25-04 compared with
AMC-08-89 and was significant for all peptides, with p-values
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ranging from 0.02 (AMC-08-89) down to 0.001 (AMC-25-01 and
AMC-25-04). AMC-08-89 (Figure 5b).

The presence of peptide on the surface was further verified
by XPS as shown in Figure S17 and Table S4, Supporting In-
formation. After coupling, the atomic composition of the top-
most (<10 nm) layer shifted toward higher nitrogen content, re-
flecting the high nitrogen content of the two guanidine groups
present in the peptide. The deconvolution of the C, carbon peak
(Figure S17 and Table S4, Supporting Information) also indicates
the presence of the guanidine groups on the surface as both the
peak at 286.7 eV (—N—C—N—, C3) and 289.2 eV (CNj,, guanidine,
C4) increases after coupling.[®]

Tof-SIMS was employed to verify the homogenous presence of
peptide at the polymer-air interface and peptide distribution.*"!
ToF-SIMS is an established method for surface characterization
and has been used to study and verify surface-coupled peptides in
numerous studies.[3291:92] Reference spectra of AMC-25-04 iden-
tified a fragment at 298.8 mu (C,,; H;,N*, Figure S18, Supporting
Information). This fragment is believed to originate from the syn-
thetic amino acid tris-tert-butyl tryptophan (Tbt) and was selected
and used for peptide identification. When the presence of 298.8
mu mass fragment was subsequently analyzed, it could be de-
tected only on polymers where all click reagents had been used,
as shown in Figure 5c.

3.7. Evaluation of Biocompatibility

The cytotoxicity of PU4 and PU6 (control and peptide function-
alized) was evaluated according to ISO standards (ISO 10993-
5:2009 Annex C) against L9292 mouse fibroblasts. Peptides
AMC-08-89, AMC-25-01, and AMC-25-04 were employed as co-
valently attached compounds. The flexible PU6 polymer system
was also evaluated as an irritant against human reconstructed
epidermis according to OECD TG 439 guidelines, (Table S5, Sup-
porting Information). The L929 cells exposed to the polymer
leachates from the two different PU films displayed similar viabil-
ities as those exposed to the negative controls and no cytotoxicity
was seen for either the 50% or 100% extracts. A covalent layer
of either AMC-08-89, AMC-25-01, or AMC-25-04 did not change
the viability of the fibroblasts. PU6 was also extracted with both
saline and sesame oil and evaluated as a potential irritant. The
irritation test passed all defined quality controls and according to
these test criteria, the PU6 polymer is neither toxic nor irritant
and thus displays a high biocompatibility.

3.8. In Vitro Antibacterial Evaluation

To evaluate the antimicrobial potency of the developed PUG6,
coated and control polymers were inoculated with the biofilm-
producing bacterium S. epidermidis RP62A. The PU films were
prepared on plastic films using an applicator for controlled
film thickness, as described in Experimental Section. After in-
cubation, the PU films were rinsed once in PBS and stained
with LIVE/DEAD BacLight, and then examined by fluores-
cence microscopy.’”*1*] The control surface displayed a well-
established live bacterial biofilm after incubation, in contrast to
the PU6 coated with AMC 25-04, which was very sparsely col-
onized and the bacteria observed were mainly dead (Figure 6).
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The difference in colonization between the materials is sub-
stantial and indicates that the optimized AMC-25-04 peptide re-
tains activity when covalently linked and suggests that the an-
choring point allows for the peptide to retain a bioactive con-
formation. Failure to ensure sufficient rotational and structural
freedom has been shown to generate surfaces that instead at-
tract bacteria if the immobilized AMPs have not displayed op-
timal surface conformations.*>#”] Although preliminary, the sur-
face attachment study suggests that the developed polymer is
a versatile material for surface attachment of AMPs and that
the investigated compound is an interesting lead for coating de-
velopment. The antibacterial activity of the coated plastic films
was not further quantified in this format and additional opti-
mization is expected to yield improved activity, as reported else-
where for surface-attached Chain201D,3”! Cecropin-Melittin,[*3!
Mussel-inspired peptides!®* and other efficient, but significantly
larger and more complex AMPs.323€]

To probe the versatility of this functional antimicrobial layer,
a more relevant format was also assessed, employing commer-
cially available lumbar drainage catheters that were coated on the
outside and inoculated with bacteria. The catheters were coated
with PU6-AMC-25-04, and an identical PU6 film without pep-
tide attached was included as a negative control. Coated catheters
were cutinto 1 cm pieces cutlongitudinally in half and then incu-
bated in S. epidermidis overnight cultures that were diluted 1:100
in fresh TSB with glucose. Tubes were incubated for 24 h at 37
°C. After incubation, the tube samples were rinsed with PBS once
and stained with LIVE/DEAD BacLight, and then examined by
CLSM as shown in Figure 6.

As can be seen in Figure 6, the catheters appear green due to
autofluorescence, but the bacterial biofilm is clearly discernible
on the control catheter in the top three panels of Figure 6¢. As
shown in the lower three pictures, no colonization or biofilm for-
mation on the exterior of the peptide-coated catheters was ob-
served. A slight bacterial growth occurs at the inside of the AMC-
25-04-coated catheter where there is no peptide coating (in par-
ticular, at the ends). The control catheter was heavily colonized
with bacteria and a thick biofilm was established. The biofilm
was, to a large degree, composed of live (green-colored) bacteria,
but dead bacteria were also observed in the images of the control
catheters. No accurate quantification could be performed due to
the 3D structure of the coated catheter.

4, Conclusions

In the current study, we have developed novel functionalized PU
polymers that allow the covalent attachment of short AMPs via
click chemistry to combat bacterial colonization and the estab-
lishment of bacterial biofilms. Initial experiments using pub-
lished methodology with cross-linked PU yielded hard and brit-
tle materials at high PBM monomer concentrations with limited
processability. This material could find use in thermoset appli-
cations, but the mechanical properties may reduce its applica-
bility in the field of medical devices. A change to a novel linear
(thermoplastic) polymer allowed the generation of a highly flexi-
ble PU material suitable for various coating applications, which
opens up a wide range of applications for the polymer. Optimized
short and simple azide-functionalized AMPs were successfully
tethered to the coatings via a CuAAC reaction in a rapid and
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Figure 6. Fluorescence images of coated plastic films after incubation with S. epidermidis and fluorescence micrographs of coated PU-catheters. A)
Control PU6 film. B) PU6 film coated with AMC-25-04 shows a much lower bacterial load. C) lllustration of catheter section coated with PU6. D)
Catheters coated with PU6 + AMC-25-04 covalently attached after incubation with S. epidermidis and staining.

homogenous fashion to generate uniform peptide surfaces. The
prepared AMP-functionalized PU surfaces were shown to be nei-
ther toxic nor irritant to mouse fibroblasts or reconstructed hu-
man epidermis according to ISO and OECD guidelines. The re-
pelling performance of the peptide-coated materials was illus-
trated against biofilms of both S. aureus and S. epidermidis on
coated plastic films and was further shown on coated commercial
drainage catheters. Overall, the study presents a successful devel-
opment of a versatile, simple, and biocompatible polymer system
with the potential to be used in the medical device field to reduce
the impact of bacterial biofilms. Future studies will involve opti-
mization of the antibacterial performance of the coatings and in
vivo studies of coated materials.
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