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Abstract

Bacterial adhesion and the succeeding biofilm formation onto surfaces are responsible for
implant and device associated infections. Bifunctional coatings integrating both non-fouling
components and antimicrobial peptides (AMPs) are a promising approach to develop potent
antibiofilm coatings. However, the current approaches and chemistry for such coatings are
time-consuming and dependent on substrates, and involve multi-step process. Also, the
information is limited on the influence of the coating structure or its components on the
antibiofilm activity of such AMP-based coatings. Here, we report a new strategy to rapidly
assemble a stable, potent and substrate-independent AMP based antibiofilm coating in a non-
fouling background. The coating structure allowed for the screening of AMPs in a relevant non-
fouling background to identify optimal peptide combinations that work in cooperation to
generate potent antibiofilm activity. The structure of the coating was changed by altering the
organization of the hydrophilic polymer chains within the coatings. The coatings were
thoroughly characterized using various surface analytical techniques and correlated with the
efficiency to prevent biofilm formation against diverse bacteria. The coating method that allowed
the conjugation of AMPs without altering the steric protection ability of hydrophilic polymer
structure results in a bifunctional surface coating with excellent antibiofilm activity. In contrast,
the conjugation of AMPs directly to the hydrophilic polymer chains resulted in a surface with
poor antibiofilm activity and increased adhesion of bacteria. Using this coating approach, we
further established a new screening method and identified a set of potent surface tethered
AMPs with high activity. The success of this new peptide screening and coating method is
demonstrated using a clinically relevant mouse infection model to prevent catheter associated
urinary tract infection (CAUTI).

Keywords: Antibiofilm coating, Substrate independent coating, Implant associated infection,
Antimicrobial peptides, Screening method, Bifunctional coating
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1. Introduction

Medical devices have transformed the modern healthcare and evidences support the fact that
its use helped to improve the quality of life for those living with serious injuries and chronic
diseases. While these devices are necessary, the introduction of a foreign material into the
body unavoidably sets the stage for potential microbial colonization and infection. This is
evidenced by the ever-growing number of indwelling device-associated infections which
account for 50-70% of the nearly 2 million healthcare-associated infections reported by the
Center for Disease Control in the United States.'2 The opportunistic biofilm-forming pathogens
can cause severe infections and, in some cases, death, particularly in patients with
compromised immune system.® A recent estimate from United States showed that medical
device-associated infections cause approximately 82,000 deaths/year and costs around $18
billion to the healthcare.* This prompted the search for preventative strategies to address this
difficult challenge. Various approaches are currently being investigated to prevent
implant/device associated infections, and the most promising ones include that prevent
bacterial colonization and biofilm formation. Anti-adhesive and surface coatings that kills
bacteria have shown great promise to combat device/implant infections.5'2 There are several
configurations or structures that have been adopted in the literature, including combining
biocidal sub-layers with antifouling outer layers,>*% contact-active antimicrobial upper-layers and
antifouling sub-layers’-® and, layering evenly mixed antimicrobial and non-fouling components.®-
12 Such surfaces are designed with a goal to achieve both the killing of bacteria owing to the
presence of antimicrobial component and the prevention of bacterial adhesion (dead or live)
due to the presence of the non-fouling component, to realize the overall antibiofilm efficacy.
While the idea of dual functional coatings is not new, their adaptation is limited by the
complicated synthesis protocols including the need for multiple chemical modifications.51° As
a result, previously proposed approaches are not an ideal platform to optimize the
antimicrobial/antifouling efficiency.

With regards to antimicrobial agents, coatings containing covalently attached antimicrobial
peptides (AMPs) showed excellent ability in preventing implant-associated infections in mouse
models."-1* AMPs have broad spectrum antibiofilm activity and minimal chance of developing
resistance due to their mode of action on bacterial membranes. However, tethered AMPs often
showed decreased activity when compared to their soluble forms,'® which limits the efficient
biofilm prevention by most peptides. The conjugation methods also influence the antimicrobial
and antibiofilm activities of surface immobilized peptides since tethering impact on their mobility
and flexibility.'5-1® Most often, the conjugation is dependent on the substrate (various biomedical
plastics, metals, ceramics, hydrogels etc.), and multiple modification steps (and chemistry) are
needed to achieve a stable AMP-based coating on the surface.'4-1?

With respect to AMP selection, previous AMP screening studies to identify surface-tethered
AMPs have been built on different solid substrates that did not account for non-specific
adhesion of bacteria which can foul the surface.?%-22 In these methods, the AMPs were tethered
with an intent to maximize the peptide density, which can easily be overwhelmed by higher
planktonic bacterial concentrations resulting in fouling of the surface by dead or live bacteria’#
15.23-25 or fouling agents present in complex biological environment. The short-term activity
readouts from different assays used in these approaches are thus not a true measure of their
long-term activity. Having AMPs attached in a non-fouling background has the potential to
manifest peptide activity in an uncompromised manner with a greater possibility for success
when translated as an implant/device coating. But the current synthesis methods do not allow
for rapid generation of such non-fouling coating for screening of potent surface-tethered AMPs.
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Polydopamine-based coatings?® are a versatile platform for the assembly of antimicrobial

coatings on diverse substrates. Antimicrobial peptides, including nisin,?” magainin II ,28-29

synthetic antimicrobial peptide CWR11,30 cecropin B,3' SESB2V,%2 and antimicrobial
lipopeptides3? have been grafted to surfaces utilizing dopamine coatings. While such AMP
conjugated coatings showed antibacterial efficiency, they were challenged by the poor
performance against protein fouling and bacterial adhesion resulting in diminished antibiofilm
activity over the long-term in vitro, and in relevant animal models. Inactivation of such
antimicrobial technologies is driven by the accumulation of proteins and dead bacteria killed by
contact killing on the surface providing a pedestal for subsequent biofilm formation by live
bacteria. Therefore, coatings that resistant to protein and bacterial adhesion, and have
antimicrobial moieties tethered to the surface, are more advantageous to combat
implant/device-related infections.343> Reches et al designed an AMP with three moieties
(adhesive dopamine moiety, antimicrobial and antifouling motifs) and achieved dual
functionality that resists biofouling.3¢ Yang et al realized this function by conjugating both
polylysine and copolymer with zwitterionic segments.3® These studies demonstrate the potential
of dopamine based substrate independent coatings for preventing infection on devices and
implants.

Recently, we developed a simple, one-step, substrate independent antifouling coating utilizing
self-assembly of polydopamine and hydrophilic polymers with very high molecular weights.37-38
The antifouling efficiency of the coating was optimized by screening diverse hydrophilic
polymers that can be self-assembled with polydopamine which resulted in the identification
ultra-high molecular weight poly(N,N-dimethylacrylamide) as an anti-fouling agent. In this
manuscript, we advanced this knowledge to create a dual functional coating. We reasoned that
a coating that is easy to adapt, substrate-independent, functional and can generate excellent
non-fouling surface could potentially be used as a method for screening surface tethered AMPs
for antibiofilm activity in a relevant setting, and could thus be directly translated as implant and
device coatings with greater chance of success. We initially investigated the conjugation of
AMPs onto different non-fouling coatings and evaluated the influence of coating structure on
antibiofilm activity. Subsequently, we used this platform and rapid assembly method to screen
peptide conjugation and antimicrobial activity in a 96-well plate format to identify potent surface-
tethered AMPs. The influence of AMP chemistry and their surface presentation on the
antibiofilm activity on the coatings were investigated using a diverse repertoire of gram-positive
and gram-negative bacteria in vitro. The success of the new screening method is demonstrated
by the translation of bifunctional coating onto urinary catheters and testing of their antibiofilm
activity in vivo using a clinically relevant mouse medical device infection model.

2. Materials and methods
2.1 Materials

Ultra-high molecular weight poly(N,N-dimethylacrylamide) (uhPDMA) was synthesized by atom
transfer radical polymerization.3” N-(3-Aminopropyl) methacrylamide hydrochloride (APMA)
(98%) was purchased from Polysciences, USA and used without further purification.. All other
reagents including 1, 1, 4, 7, 10, 10-hexamethyl triethylene tetramine (HMTETA) (97%), Tris[2-
(dimethylamino)ethyllamine (Mes TREN) 97%, methyl 2- chloropropionate (97%), CuCl (99%),
CuCl; (99%), 1-thioglycerol (97%) were purchased from Sigma-Aldrich (Oakville, ON). A single-
side-polished silicon wafer (University Wafer, Boston, MA) deposited with titanium was
prepared by e-beam evaporation of titanium following previously published protocols.!
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SurFlash®l.V. Polyurethane catheter (Cat. #SR*FF1451, #SR*FF2419) were purchased from
Terumo. Antimicrobial peptides, E6 (RRWRIVVIRVRRC-NH;), Tet20C (KRWRIRVRVIRKC-
NH), DJK5C (vqwrairvrvirc-NH,) and 3002C (ILVRWIRWRIQWC-NH,) with cysteine at the C-
terminus (purity > 95%) were synthesized by Canpeptide Corp (Quebec, Canada). Peptide IDR-
1018 (VRLIVAVRIWRR-NH,) at >95% purity was purchased from CPC Scientific (Sunnyvale,
CA). Tet20LC (KRWRIRVRVIRK-bA-bA-C-NH,) was synthesized and purified (>90%) by the
Hilpert laboratory by automated solid-phase peptide synthesis (SPPS) on a MultiPep RSI
Peptide Synthesizer (INTAVIS, Tuebingen, Germany) using the 9-fluorenyl-methoxycarbonyl-
tert-butyl (Fmoc/tBu) strategy.3® Minimum inhibitory concentrations (MICs) of cationic peptides
were measured using broth microdilution method with minor modifications.4°

2.2 Synthesis of copolymer of N,N-dimethylacrylamide and N-(3-aminopropyl) methacrylamide
(PDMA-co-APMA)

Copper (Il) chloride (3 mg), copper (I) chloride (20 mg) and MegTREN (120 yL) were added
successively into a glass tube. Milli-Q water (20 mL) was added, and the solution was degassed
using three freeze-pump-thaw cycles. DMA (2 mL) and APMA (346 mg) was added into the
glass tube and degassed with another freeze-pump-thaw cycle. The initiator (methyl 2-
chloropropionate) methanol solution (20 pyL from a stock solution of 80 pL in 10 mL methanol)
was added successively to the reaction mixture, and the polymerization was kept at room
temperature (RT) (22 °C) for 24 h. The polymerization solution was collected and purified by
dialysis (molecular weight cut off: 1000 Da) against water (pH was adjusted to 8 by using 0.1M
NaOH) for 3 days with daily exchange of water. The polymer was obtained by lyophilization the
solution. The absolute molecular weight of PDMA-co-APMA was determined by gel permeation
chromatography (GPC) following previously reported protocols. 'H NMR spectra were
obtained on Bruker Avance NMR spectrometer (300 MHz) with using deuterated solvents. The
solvent peak was used as a reference.

2.3 Synthesis of PDMA-co-APMA with iodoacetyl linker (PDMA-co-APMA-I)

The copolymer (PDMA-co-APMA, 100 mg) was dissolved in anhydrous acetonitrile (10 mL).
lodoacetic acid N-hydroxysuccinimide ester (70 mg) was added into the solution. The reaction
was stirred overnight. The solution was dialyzed against water for 3 days with daily exchange
of water. The solution was finally dialyzed against 5 mM Tris buffer (at pH 8.5) and concentrated
to the solid content about 12 mg/mL as measured by Thermogravimetric Analysis (TGA Q500,
TA Instruments, USA) and characterized by NMR.

2.4 Preparation of coating on the titanium, polyurethane catheters and 96 well plate surface
2.4.1 PU catheter

PU catheters with different sizes (14G and 24G) were initially cleaned by nitrogen plasma
treatment and immediately coated using the previously published protocol.3® The 24G catheter
for in vivo study was coated twice by using the same solution composition.

2.4.1 Titanium substrate

The coating on the titanium substrate was prepared using the same protocol as that of PU
catheter.

2.4.3 Microtiter 96-well plate

Microtiter 96-well plates were initially cleaned by nitrogen plasma treatment. The wells in 96-
well plate were immediately coated with dopamine/uhPDMA mixed solution (250 pL, 2 mg/ml
and 10 mg/ml respectively in 10 mM Tris buffer, pH 8.5). A second coating was applied using
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200 uL solution having the same composition. The coated 96-well plate was then rinsed by Mill-
Q water and dried under a stream of argon gas.

2.5 AMP conjugation onto PDA/uhPDMA and PDA/PDMA-co-APMA-I coated surfaces

The Ti surface or catheter coated with PDA/uhPDMA or PDA/PDMA-co-APMA-I was fully
immersed into the peptide solution (0.6 mL, 0.1 mg/mL in 10 mM phosphate buffer (pH ~8)
overnight followed by adding 1-thioglycerol (6 uL, at a final concentration of 10 uL/mL) for 24
h. For the 96 well-plate, 250 uL peptide solutions (0.1 mg/mL in 10 mM phosphate buffer, pH
~8) were added into the wells and incubated overnight followed by addition of 1-thioglycerol
(2.5 pL, final concentration of 10 yL/mL) for 24 h. The peptide conjugated substrates were
rinsed with milli-Q water thoroughly and dried under argon flow. The mass of peptides grafted
onto the surface was calculated by the following equation m = p-h-A: where h represents the
increase in thickness after peptide immobilization measured by ellipsometry; p is the volumetric
mass density of antimicrobial peptide (1.5 mg/cm?);*! A is the surface area (cm?).

2.6 Antibiofilm efficiency of AMPs assembled on Ti substrate

Pseudomonas aeruginosa (luminescence tagged strain PAO1 Tn7:Plac-lux), and
S. saprophyticus strain (ATCC 15305) were sub-cultured for testing the antibiofilm activity of
the coating. An initial concentration 5 x 10° CFU/mL was used for these analyses. The coated
Ti substrate along with the pristine Ti substrate were placed into a 24-well plate and was
sterilized by immersing in 1 mL of 70% ethanol for 5 min. After the removal of ethanol, samples
were each rinsed with 1 mL of sterile phosphate-buffered saline (PBS) for a total of 3 times.
After the removal of PBS media from the last rinse, 1 mL of the prepared bacterial culture
(~5 x 10° CFU/mL) of S. saprophyticus in Tryptic soy broth (TSB) or P. aeruginosa in Luria
Broth (LB) was added to each sample. The 24-well plate was incubated at 37°C with shaking
at 50 rpm for 6 h or 24 h. The samples were then thoroughly rinsed with PBS buffer, stained
with green SYTQO9 for all bacteria and red propidium iodide (PI) for dead bacteria. The stained
bacteria on the Ti surface were examined by fluorescence microscopy (Zeiss Axioskop 2 plus,
Thornwood, NY) and the antimicrobial activity of the surface was calculated using previously
published method."” The samples that were incubated for 24 h also analyzed using C2+
confocal microscope (Nikon) with the 488 and 561 nm channels. All images were acquired
using the same acquisition settings. The experiments were repeated 3 times,
and representative results from an experiment are shown.

2.7 Antibiofilm efficiency of AMPs assembled on the catheter surface

Different sized catheters (14G and 24G PU), were cut into 1 cm sections and used for the study.
The antibiofilm efficiency of AMPs immobilized catheter surface was measured using our
previously published protocol.38 The experiment has been repeated 3 times with similar results,
and the representative results from one experiment are shown.

2.8 Screening and identification of surface conjugated AMPs with antibiofilm activity on a 96-
well plate

Bioluminescence-tagged bacterial strains used in this study included S. aureus (Xen36), P.
aeruginosa (PAO1.lux), E. coli (E38.lux), and S. saprophyticus (ATCC 15305). The antibiofilm
activity of AMP conjugated coating on a 96-well plate was evaluated using our previously
published protocol.38 The experiment was repeated 3 times with 3 technical replicates per
biological replicate.
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2.9 Evaluation of antibiofilm efficiency of AMP coating on 24G PU catheters in a mouse
urinary infection model

A total of 48 male C57BL/6 mice (Harlan®) at 10 weeks of age were included in experiments.
Twenty mice were included in the control group (bare catheter) and 14 mice for each treated
group (AMPs conjugated catheter, E6 and Tet20LC). The implantation of the catheter was
performed following a procedure published previously our groups.38,42 One day after catheter
implantation, all mice were anaesthetized and S. saprophyticus (1 x 107 CFU/mL in 50 uL PBS)
was percutaneously injected into the bladder. At 7 days post-instillation of S. saprophyticus, all
mice were sacrificed by CO, asphyxiation and the number of bacteria in the urine was quantified
via serial dilutions and CFU counts. Indwelling catheters were collected, rinsed in 200 uL of
sterile PBS three times and finally placed in 100 yL PBS. Seventeen from 20 explanted catheter
samples in the control group and eleven from 14 for the coated group were sonicated for 10
minutes to aid biofilm dispersal. Samples were then vortexed at high speed for 10 sec, and
bacterial numbers were determined by serial dilutions and CFU counts. Three catheters from
each group were prepared for SEM (Hitachi SU3500) observation.38

There were 5 cases of unsuccessful infection with S. saprophyticus in the control group and 4
in the coated group of E6 and 2 in the coated group with Tet20LC as the CFU reading on both
catheter surface and in urine was zero.

2.10 Cytocompatibility of BA and BA-EG6 coated PU substrates

Three sample groups were included in the study, including bare PU substrate, BA and BA-E6
coated PU substrates (Diameter of 5/8"). The cytocompatibility of uncoated PU and coated PU
substrates was measured using our previously established protocol.38

2.11 Hemolysis measurement of BA and BA-E6 coated PU substrates

Blood was collected from healthy donors at the Centre for Blood Research, University of British
Columbia (the protocol for blood donations was approved by the University of British Columbia's
clinical ethics board) into 3.8% sodium citrated vacutainers. The substrates were placed in the
wells of 24-well culture plates containing 1 mL fresh collected whole blood. The plate was
incubated at 37°C for 4 h with gentle shaking. The hemolysis was determined using the
Drabkin's method.*3

2.12 Surface characterization of AMP coating

ATR-FTIR spectra and water contact angle of the surfaces were measured using our previously
published procedures.’>3 X-ray photoelectron spectroscopy (XPS): Measurements were
carried out at Nanofabrication and Characterization Facility (nanoFAB), University of Alberta.
The spectra were collected using a Kratos Axis Ultra X-ray photoelectron spectrometer
operated in energy spectrum mode at 210 W Spectra were fit using CasaXPS (VAMAS)
software and were calibrated to the lowest binding energy component of the C1s emission at
284.6 eV. Two replicates per sample were analysed by XPS. Ellipsometry measurements: The
thickness of the coating was measured by fitting the ellipsometry spectra with a multilayer
Cauchy layer model''. QCM measurements: AMP conjugation on the surfaces was monitored
in real-time by QCM-D (Q-sense AB, Sweden) at room temperature by tracking the changing
in resonant frequency. The BA coating was initially deposited on SiO, (~50 nm) coated sensors
and mounted into the QCM-D chamber. After stabilization of the baseline with buffer, a
0.1 mg/mL AMP EG6 solution (pH 8.0) was flowed (50 uL/min) over the sensor. Finally,
phosphate buffered saline (pH 8.0, 10 mM) was flowed to remove physically absorbed peptides.
The mass was fitted through the Sauerbrey equation by using Qsense Dfind 1.2.2. Atomic force
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microscopy analysis: Measurements were performed on a commercially available multimode
system (Dimension 3100) with a maximum scan size of 130 ym x130 um, controlled by a
NanoScope llla controller (Digital Instruments, Santa Barbara, CA). The surface morphology
and adhesive force in PBS buffer was collected in the contact mode using V-shaped silicon
probe (Bruker, NP-S10) with a spring constant ~0.06 N/m.

2.13 Statistical Analysis.

All the data values are presented as mean + standard error (SE). Statistical significance was
determined using a Student’s t test, p < 0.05 was considered statistically significant.

3. Results
3.1 Influence of polymer coating structure on AMP conjugation and activity
3.1.1 Synthesis of coatings with different structure and their surface characterization

Figure 1 shows the structure of the constructed two AMP conjugated coatings. Experiments
were performed using a Silicon wafer coated with Ti as a model surface for thorough
characterization. AMPs with cysteine at the C-terminus was utilized for the conjugation into the
coating. AMP E6 was used for initial investigation as it variant (without cysteine at the C-
terminus) demonstrated strong broad-spectrum antimicrobial activity in soluble form.#4-45 E6 in
tethered form also showed strong antibiofilm activity.!-12

In the first approach, we initially constructed a non-fouling surface coating using a rapid
assembly of polydopamine (PDA) and ultra-high molecular weight PDMA (uhPDMA) (800 KDa,
PDI 1.3) which is highly stable and can be prepared on any substrate.37-38 The uhPDMA self-
assembled with PDA nanoaggregates to generate surface coating layer where uhPDMA
polymer chains non-covalently bound to the surface bonded PDA at multiple anchoring points
to generate a thin coating. The coating was highly hydrophilic and enriched with uhPDMA
chains on the surface. The coating was further modified with AMP E6. The conjugation (Figure
1A) utilized Michael-type addition reaction between the free -SH and -NH;, groups on E6 and
quinone functionality on PDA.#6 The uhPDMA chains were not modified as it did not have any
reactive functionalities. The anticipated structure of the coating is that peptide E6 conjugated
to the bottom PDA layer protected by the non-fouling PDMA chains emanating from the PDA
anchor (see section 3.1.2 for more details). This approach is referred to as the BA-AMP coating
throughout the manuscript since the AMP was attached only to the bottom layer of the coating.

In the second approach, a copolymer PDMA-co-APMA (N-(3-aminopropyl) methacrylamide)
(Mn 630 000, PDI 1.3) was synthesized with APMA molar content of 10% (Supporting
information, Figure S1). The amount of APMA component is restricted to 10 mol% to retain the
non-fouling properties of the PDMA.1247-48 The copolymer was modified with iodoacetic acid
(with a conversion of 60%, supporting information, Figure S2) to generate reactive groups for
cysteine containing peptides on the polymer chains. This modified co-polymer was used for the
generation of the non-fouling coating. PDMA-co-APMA-I was co-assembled with dopamine to
generate a stable thin surface coating (Figure 1B) which was then conjugated with AMP EG6.
The chemistry of AMP conjugation is shown in Figure 1B. The peptide was conjugated both to
the hydrophilic polymer component as well as on the PDA layer. Cysteine labeled E6 reacted
with iodoacetamide groups on the PDMA-co-APMA-I copolymer chain as well as the quinone
groups of PDA layer of the surface coating. This resulted in the generation of a structure where
the AMP was distributed throughout the coating. This is referred to as the MA-AMP coating
throughout the manuscript since the AMPs are attached at multiple sites throughout the coating.
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The coating formation and peptide conjugation were initially investigated using ATR-FTIR
analysis (Fig. 2A, B). The incorporation of uhPDMA and PDMA-co-APMA-I within the coating
was evidenced by the shoulder peak at 1622 cm-' due to the carbonyl group stretching (amide
| band). The conjugation of AMP (E6) on the surface was demonstrated by the shoulder peak
at 1634 cm™' on BA-AMP and MA-AMP coatings after AMPs conjugation. The subtraction
spectra, before and after peptide conjugation, highlights the prominent peak at 1634 cm-!
attributed to the C=0 stretching for the amino acids in the AMPs, which confirmed the
successful incorporation of AMPs in the coating. The incorporation of uhPDMA or APMA-co-
APMA-I, and AMPs on the coating was further evidenced by the XPS analysis. The decrease
in the silicon content for the coated substrate indicated the complete coverage of polymer
coating on the substrate. The XPS survey scan (Fig. 2C) for the BA and BA-AMP coatings
showed an increase in the nitrogen content in the coating compared to the PDA coating (Table
1). The presence of sulfur peak (S2p) (from cysteine residues) confirmed the presence of AMPs
on the surface. In the case of the MA and MA-AMP coating, the presence of iodine(13d)
confirmed the successful incorporation of PDMA-co-APMA-I within the coating. The presence
of S(2p) peak after AMPs (E6) conjugation, the disappearance of 1(3d) peak in survey scan,
and the change in elemental composition of the AMP immobilized surface (Table 1) confirmed
the successful conjugation of E6 onto MA coating.

The conjugation of AMP to BA and MA coatings was further analyzed using water contact angle
measurements. In comparison to the Ti substrate having a water contact angle of 68.5 * 2°, the
water contact angle of BA coating and BA-AMP coating were 31 £ 0.9°, 36.2 + 0.4° respectively.
In the case MA-AMP coating, the water contact angle was 37.9 + 0.9° compared to 29.2 £ 1°
for MA coating (Fig. 2D). Evidence for AMP conjugation was further obtained from the coating
thickness measurements by ellipsometry. The dry thicknesses of BA and MA coatings were
17.2 £ 0.2 and 12.3 + 0.5 nm, respectively. Upon conjugation of AMP EG6 resulted in increases
in thicknesses of 2.6 + 0.2 nm and 2.8 + 0.3 nm, respectively for the BA-AMP and MA-AMP
coatings (Fig. 2E). The masses of grafted E6 on the BA and MA coating were 390 + 30 ng/cm?
and 420 * 45 ng/cm? respectively. This calculation assumed that increase in thickness of the
coating corresponded to the mass increase from the deposition of peptide E6.48 The grafting of
E6 onto the BA coating was further monitored in real-time using QCM-D to demonstrate the
surface conjugation of the AMP (Fig.2F). The amount of AMP E6 bound to the BA surface
increased sharply in the first 2 h and reached a plateau after 8 h. The amount of AMP EG6 that
remained on the surface was 568 + 72 ng/cm? after rinsing with buffer. The grafting density
measured by QCM-D was higher than that measured by ellipsometry as the mass measured
by QCM-D includes a substantial amount of bound water, whereas ellipsometry measured the
conjugated AMP E6 mass in the dry state, and is consistent with previous work on mass
quantification by QCM-D.#® The coatings were further characterized for stability in buffer
solutions; there was no noticeable change in thickness observed after immersing the BA-AMP
coating in PBS buffer for 7 days at 37°C, or underwent ultrasonication for 10 min in water.

3.1.2 Evidences for differences in structure of polymer chains and presentation of AMPs within
the coating by AFM analysis

To gather the information on surface structure of two different coatings (BA-AMP and MA-AMP),
we utilized AFM analysis in wet conditions. Figure 3A and B shows the surface morphology of
BA and BA-AMP coating on Silicon substrate. The BA coating is relatively smooth as the low
surface roughness (0.5 nm) is comparable to bare substrate (0.2 nm, Figure S3, Supporting
Information). The surface roughness increased to 0.8 nm after conjugating AMP (BA-AMP (EG6)).
AFM force studies were used to probe the coatings. The representative force curves for BA and
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BA-AMP coatings are shown in Figure 3. The typical force profile for steric repulsion exerted
by polymer chains in AFM approach curve is reminiscent of a swollen brush layer grafted onto
the surface for BA-AMP (E6) coating (Fig. 3C). The AFM retraction curve for BA-AMP coating
gave a characteristic profile of stronger adhesive force at shorter distances compared to the
BA coating before AMP conjugation. Figure 3D, E show the probability distribution histograms
of maximum adhesive force and rupture distance for BA-AMP (E6). The stronger force (1.1 %
0.1 nN) at shorter rupture distance (58.6 + 7.5 nm) could be due to the interaction between the
peptide conjugated to the underlying PDA, and the hydrophobic AFM tip. This argument is
supported by the fact that the retraction force curve for PDA-EG6 coating (without the non-fouling
uhPDMA chains) also showed similar characteristics in the probability distribution histograms
with maximum adhesive force (2.2 £ 0.2 nN) and rupture distance (47.4 £ 5.3 nm) (Figure S4,
Supporting Information). The smaller adhesive force (0.26 + 0.04 nN) at longer distance (306 *
100 nm) indicated the rupture of the adhered uhPDMA chains from the AFM tip. This data
suggests that the PDMA chains on the surface might be adopting a looplike assembly.3” The
data clearly showed that a swollen brush like structure due to the presence of uhPDMA chains
was not completely lost and the chains offer steric protection even after AMP E6 conjugation.
Together these data indicate that E6 was conjugated to the coating which was protected by the
swollen uhPDMA layer.

Figure 4A and B shows the surface morphology of MA and MA-AMP coating. Upon conjugation
of AMP, the surface roughness of MA coating increased from 0.3 nm to 0.5 nm for MA-AMP
(E6) coating. The representative AFM force curves for the MA and MA-AMP (E6) coatings are
shown in Figure 4. There is a weak jump-to-contact (JTC) force in the AFM force profile for both
MA and MA-AMP coatings. The data suggest that the copolymer modification resulted in a
different surface assembly compared to BA and BA-AMP coatings.'?48 During retraction, or
pull-off, a stronger adhesive force 0.8 + 0.1 nN was observed in the case of the MA coating
which increased to 2.6 + 0.2 nN when AMP EG6 was conjugated. The strong adhesive force was
due to the hydrophobic interaction between the AFM tip and the surface. The data indicated
that in the case of the MA-AMP EG6 coating, the more hydrophobic AMP EG6 is presented on the
outer layer without much steric protection from the copolymer resulting in strong hydrophobic
interaction with the AFM tip. The probability distribution histograms of maximum adhesive force
and rupture distance are shown in Fig. 4D, E for MA and MA-AMP (EG6), respectively. The weak
jump-to-contact (JTC) force observed in the approach curve also indicated that the steric
protection by the polymer chains in this structure might be low.1248 All these results pointed to
a different structure of PDMA-co-APMA-I chains in the MA coating compared to PDMA chains
in BA coating. There was no rupture observed at long distance, which suggests that the polymer
chains were more confined onto the PDA layer and had less freedom to stretch out. Taken
together, these data indicate that AMP E6 was present throughout the coating layer in the MA-
AMP coating compared to the BA-AMP coating. The shielding ability of the non-fouling PDMA
component was also relatively weak in the case of the MA-AMP coating.

The data clearly show that the structure of polymer chains and the presentation of AMPs (E6)
were quite different for both BA-AMP and MA-AMP coatings. This allowed us to further
investigate the role of presentation of AMP and coating structure to their antibiofilm activity.

3.1.3 Antibiofilm efficacy of AMP E6 conjugated BA-AMP and MA-AMP coatings

We further evaluated the influence of AMP presentation and coating structure on the antibiofilm
activity. A live/dead assay was employed to examine both the level of bacterial adhesion and
the viability of adhered bacteria in early-stage biofilm formation. Figure 5 shows the number of
adhered S. saprophyticus on different coatings after incubating with bacteria for 6h and 24h, as
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well as the proportion of dead bacteria. The BA-AMP (E6) was more resistant to bacterial
adhesion when compared to the BA binary coating; the bacterial densities at 6 h were 57 £ 12
and 29 + 15/mm? for the BA and BA-AMP coatings respectively. The MA coating showed similar
activity in reducing bacterial adhesion compared to the BA coating; there were comparable
numbers of adherent bacteria (66 £ 15/mm?2). In contrast, the MA-AMP surface had more
bacteria adhered onto the surface (167 £ 17/mm2). The percentages of dead bacteria were
6.3%, 18.2%, 8.2% and 18.3% for the BA, BA-AMP, MA, and MA-AMP coating respectively
(Fig. 6C). The MA coating did not show the antibacterial activity. The low molar percentage of
APMA (10 mol%) and the conversion of amine groups in the APMA segment to amide groups
by iodoacetic acid decreased the primary amine content on the coating resulting in the poor
activity observed. The increased percentage of dead bacteria on BA-AMP and MA-AMP
demonstrated moderate early killing efficiency of AMPs conjugated to the non-fouling coating
system.

Next, we studied potential changes in membrane integrity and morphology upon interaction of
the bacteria with the surface tethered AMPs on the coating using scanning electron microscopy
(SEM). The bacteria on the control and BA coated substrates were observed to have a smooth
surface (Fig. 5F,G), while those on BA-AMP and MA-AMP surfaces showed membrane
collapse (Fig. 5H,I) and compromise of membrane integrity. This indicates that the surface-
tethered AMPs generated using our coating interact with and kill bacteria via electrostatic
disruption of the membrane, a mechanism that has been previously described..50-51

We further evaluated the early-stage biofilm formation at 24 h. Figure 5 and Figure 6A show
the fluorescence and confocal images of bacteria adhesion on bare and coated substrates.
Figure 5A and 6A showed that biofilm developed on the bare substrate. There was a great
reduction in biofilm formation on the BA and BA-AMP coated surfaces. Only a few bacterial
colonies were observed on the BA-AMP coating (Fig. 6C) confirming the strong inhibition of
biofilm formation. The BA and BA-AMP surfaces had similar numbers of adhered bacteria
compared to 6 h (52 £ 7/mm?, 25 + 9/mm?, respectively). In contrast, the MA and MA-AMP
showed an increase (82 + 34/mm?2 and 191 £ 51/mm2) in the number of adhered bacteria
compared to 6h. The AMP conjugated surfaces (BA-AMP and MA-AMP) sustained their
antimicrobial activity as similar percentages of dead bacteria (14.8% and 19.7%) were recorded.

A similar observation was made for P. aeruginosa (Fig. 6). The BA-AMP (E6) coating showed
greater efficiency in preventing bacterial colony formation on the surface. The activity was
higher for the BA-AMP (E6) coating compared to MA-AMP (E6) suggesting that the
presentation of AMP and coating structure influenced the antibiofilm activity.

3.1.4 Antibiofilm efficacy of BA-AMP (E6) and MA-AMP (EG6) coating on polyurethane surface

We further analyzed the efficiency of the coating to prevent biofilm formation on a biomedical
plastic surface relevant to catheter-associated urinary tract infections. We adapted the coating
methodology on the surface of 14G PU catheters. The pristine catheter, BA, BA-AMP, MA and
MA-AMP coating on PU catheters were tested by assessing the number of adhered bacteria
on the surface by assessing CFUs after 24 h of incubation. Figure 7 shows the adhesion of S.
saprophyticus (A) and P. aeruginosa (B) on differently coated surfaces. The BA coating alone
was able to reduce the adhesion of gram-positive S. saprophyticus by about 87.9% compared
to the uncoated catheter which was consistent with previous reports.3® Upon conjugation of E6
(BA-AMP), the antibiofilm activity of the coating increased to 98.4% (p < 0.05). However, MA-
AMP (E6) could not reduce the biofilm formation in comparison to the control coating without
peptides or BA-AMP coatings. Similar results were observed for the gram-negative bacteria, P.
aeruginosa.
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From these results of bacterial adhesion and early-stage biofilm formation, it was determined
that presentation of AMPs on the coating and the coating structure had a significant influence
on their antibiofilm activity. The BA-AMP coating, where the AMP is conjugated on the PDA
layer and protected by the non-fouling uhPDMA chains showed significantly higher activity than
the coating where AMPs were presented throughout the coating (MA-AMP). Since the synthesis
method for BA-AMP coating is simple, we anticipate that this method could be easily and rapidly
adapted to diverse surfaces and diverse peptides rapidly, both as a screening method for
surface specific peptides in an antifouling background as well as an infection resistant coating.

3.2 Development of a screening and identification method for potent surface immobilized
antibiofilm peptides in a relevant antifouling background

To develop a robust screening protocol in a realistic environment which could be potentially
used to test implant and device modifications, we initially tested a small library of AMPs
peptides (Table 2) with broad-spectrum activity. Besides E6, Tet20C and its variant Tet20LC,
IDR-1018, 3002, and D-enantiomeric peptide DJK5 and its variant, were also included in the
study. Tet20C (KRWRIRVRVIRKC) and Tet20LC (KRWRIRVRVIRK-bA-bA-C-CONH;) are
variants of AMP Opt5 (KRWRIRVRVIRK-CONH,), which showed high antimicrobial activity in
soluble and tethered form against various pathogens.?32 Adding a cysteine at C-terminus of
Opt5 resulted in Tet20C. Tet20LC has a linker consisting of two beta-alanine added before the
cysteine. Tet20C showed strong antibiofilm activity while tethered in the brush coating on
surface.*?5" Peptide IDR-1018 was developed based on bactenecin and possessed both
immunomodulatory activity and antibiofilm activity.5® Peptide 3002 as a variant of IDR-1018,
was discovered with computer aiding and exhibited stronger antibiofilm activity than IDR-
1018.54 DJK5 and its variants was recently developed D-enantiomeric protease-resistant
peptide with a more potent activity in inhibiting biofilm formation relative to L-amino acid IDR -
1018.%° This proven initial library of peptides (Table 2) was used to test our concept on the
application of BA-AMP coating as a screening tool to identify optimal surface tethered peptide
that prevents biofilm formation in an antifouling background.

Initial studies were performed using a silicon wafer coated with titanium and the data showed
that different AMPs could be successfully conjugated onto the BA coating (Figure 8B). Based
on this, we adapted the coating technique to a 96-well plate made of polypropylene (pp) for
a medium-throughput screening of surface conjugated AMPs against diverse bacteria
(Figure 8A). We measured the bacterial adhesion on the BA coating and uncoated pp wells
when compared to AMP conjugated wells. An antibiofilm assay based on bioluminescence
readout was developed to evaluate the efficiency of the coating and for identifying peptides with
the best activity against biofilm formation. Figure 8C shows the reduction of S. saprophyticus
adhesion on different AMPs tethered on the BA coating upon incubation with bacteria over 24
h. The bioluminescence readout was confirmed with CFU counts in the case of the BA-AMP
(E6) coating (Fig. 7). AMPs Tet20C, Tet20LC and DJK5C (containing as added cysteine at the
C-terminus) showed almost complete reduction of biofilm formation (~100%; p = 0.002, p = 0.01,
p = 0.003 respectively, pp vs BA-AMP). In contrast, AMPs DJK5, DJK6, IDR-1018 and 3002
showed no significant improvement over the BA coating (83.4%, p = 0.98, 83.5%, p = 0.97;
82.2%, p = 0.71 and 81.7%, p = 0.84 respectively). The peptide conjugated coating was also
tested against S. aureus (Fig. 8D). Tethering E6 into the coating further reduced the biofilm
formation (93%) compared to the BA coating (90.7%) (p = 0.54, BA vs BA-EG). Near complete
reduction was seen on the, Tet20C, Tet20LC conjugated surface (98.8%, p = 0.003; and 100%
p = 0.002, pp vs BA-AMP). Surface conjugated with DJK5C, DJK5, IDR-1018, 3002C showed
similar reduction levels compared to tethered E6 (95.1%, p = 0.004; 90.5%, p = 0.004; 93.5%,
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p = 0.004; 93.6%, p = 0.004; pp vs BA-AMP). We also investigated the activity against P.
aeruginosa, which showed that tethering E6, Tet20C, Tet20LC and DJK5C resulted in the
largest reduction of biofilm formation (98.2%, p = 0.0002, 99.6%, p = 0.0002, 100%, p = 0.0002,
and 99.1%, p = 0.0002, respectively, pp vs BA-AMP) (Fig. 8E). DJK6, RI-DJKS5, 1008 and
3002C have less biofilm reduction compared to BA coating (58.8%, 76.2%, 83.2% and 32.4%,
respectively). Peptide conjugation also helped to provide additional reduction in E. coli biofilm
formation (91.8% for tethered E6, p = 0.008, pp vs BA-EG) (Fig. 8F). There was no significant
difference in reduction efficiency observed for E. coli between the different peptides.

Overall, the 96-well-based antibiofilm screening assay developed by conjugation of AMPs to a
non-fouling background helped us to identify AMPs with better antibiofilm activity. We
determined that peptides, E6, Tet20C, Tet20LC and DJK5C showed better broad-spectrum
activity than the other tested peptides from the library against the most common uropathogens.

3.3 Biocompatibility of BA-AMP coating

Hemolysis analysis was performed to determine the hemolytic properties of the AMP
conjugated coating when in direct contact with blood. The result of the hemolysis analysis
showed that the BA and BA-E6 coating causes very low hemolysis, 0.4% and 0.3%,
respectively (Fig. 9A). The data suggest that the surface conjugated peptide is not hemolytic.
To analyze cytocompatibility, a cell viability assay utilizing human bladder epithelial cells (T24)
was performed.

The viability of adhered cells on the PU substrate coated with BA and BA-AMP was over 90%
and was similar for both coated and uncoated substrates (Fig. 9B). These results suggest that
BA-AMP coating has high biocompatibility.

3.4 Investigation of antibiofilm activity of lead AMPs tethered coatings in a mouse urinary
infection model

We next investigated whether our new coating chemistry and data from the screening studies
could be utilized for the prevention of implant/device infection. We adapted the coating
chemistry to 24G catheters using two different peptides that showed greater promise (BA-E6)
and BA-Tet20LC). The generated coatings on catheters were studied for their in vitro activity
first before testing in mouse infection models (Figure 10A). The BA-E6 and BA-Tet20LC
showed activity in preventing biofilm formation by 97.5% and 98.1%, respectively, compared to
the 85% reduction seen on the control BA coating without peptides.

The efficiency in reducing biofilm formation was assessed using an ultrasound-guided
percutaneous model of catheter-associated urinary tract infections.4?> The average CFU counts
of bacteria in urine for mice bearing untreated control catheters was (3 + 0.7) x 107 CFU/mL.
For those implanted with catheters bearing BA-AMP (EG) and BA-AMP (Tet20LC) coatings, the
CFU counts were (2.1 £ 0.7) x 107 and (1.8 = 0.9) x 107 CFU/mL respectively, indicating that
catheters from different groups were exposed to similarly infectious conditions (Fig. 10C). After
7 days post-instillation, the number of adhered bacteria on control catheters was (8.5 £ 2.4) x
104 CFU/catheter, whereas that for catheters coated with BA-E6 and BA-Tet20LC, was (3.4 +
1.1) x 108 CFU/catheter, (2.5 + 0.8) x 103 CFU/catheter, demonstrating a 96% and 97%
reduction in bacterial adhesion respectively, when compared to the control (Fig. 10B).

The biofilm formation on the catheter surface was also examined by scanning electron
microscopy (SEM). Figure 10 D, E, F shows the biofilm formation on the bare catheter and
coated BA-AMP(E6) and BA-AMP (Tet20LC) catheters after 7 days post instillation. There was
distinct biofilm formation on the bare catheter. The biofilm distributed along the catheter surface
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rather than covering the whole catheter piece (Fig. 10D, Supporting Information, Figure S5).
We found a layer of extracellular matrix deposited on the bare catheter surface (Supporting
information, Figure S5). Biofilm was rarely seen on BA-EG6 and BA-Tet20LC coated catheter
(Fig. 10E, F). A non-continuous layer of extracellular matrix was observed on coated catheter
surfaces (Supporting Information, Figure S5).

4. Discussion

Applying AMP-based coatings on medical devices/implants provides a promising approach to
prevent medical device associated infections. There is extensive research into the development
of new AMPs and their conjugation to the surface of medical devices.’®-3¢ The conjugation
chemistry and the distribution, and presentation of AMPs on the coating were shown to
influence the mobility and orientation of the conjugated peptides, resulting in the reduction of
their bactericidal activity compared to the soluble forms.56-58 The current approaches require
multiple modification steps and need different chemical reactions to anchor peptides with
different motifs, polymer and polymer-AMP coatings on diverse biomedical material surfaces.
The development of simple and universal approaches would expand the application AMP based
coatings on diverse medical devices irrespective of their shape, dimensions or their chemical
nature. Polydopamine-based coatings showed good promise in this aspect as it is a substrate
independent coating approach, however, non-specific interaction of bacteria and fouling agents
with PDA based surface coating with AMP is challenging.

The use of a non-fouling matrix to integrate AMPs on the surface confers anti-adhesive
properties.'247 This is an important consideration since the positively charged AMPs are known
to promote protein adsorption as well as adhesion of dead bacteria or bacterial debris onto the
coated surface leading to the passivation of the surface and loss of bactericidal activity.34-36,59
Thus, a combination of anti-adhesive components and AMPs are necessary, and provide a
promising approach to combat biofilm formation.'%58 The contact killing by the AMP, and
repulsion or release of live/dead bacteria from the surface by the non-fouling component play
crucial roles in preventing biofilm formation. Thus, it is essential to optimize both bactericidal
and antifouling properties to achieve better antibiofilm activity in complex environments such
as in vivo conditions. Although, the importance of antifouling background is illustrated in multiple
studies, the current screening protocols and identification of potent surface tethered AMPs did
not take this aspect into consideration. Thus, the generation of a simple universal antifouling
coating approach which has the ability to perform as a screening platform for new AMP
identification with potent surface activity and can also easily translated as a biomedical device
coating will have significant potential. We demonstrated both of these aspects in the present
work to expand the potential of AMP based antibiofilm coatings.

Building on a substrate independent coating approach, we initially investigated the role of
AMP’s presentation on an antifouling background by generating sets of coatings with two
different polymer structures on the surface. Our surface analyses including ATR-FTIR, contact
angle measurements and AFM force measurements conclusively illustrated the differences in
the presentation of AMPs on these coatings. Our studies demonstrated that direct conjugation
of AMPs to the non-fouling polymer (MA-AMP coating) was not as effective in comparison to
the situation where the peptide was presented within the antifouling layer without direct
attachment to the polymer chains (BA-AMP coating). Although, the control non-fouling
background in both cases (BA and MA coatings) without AMPs performed similar, potent long-
term biofilm activity was only achieved when the AMPs are sterically protected. This data
illustrated the importance of the characteristics of the antifouling layer and coating structure for
the first time.
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The importance of appropriate antifouling background in the antibiofilm performance for AMP
coating is illustrated by the incorporation of the non-fouling component PDMA. In the absence
of uhPDMA or its copolymer, the surface conjugated E6 accumulated more bacteria on the
surface (Supporting information, Fig. S6). This demonstrates the advantage of the current
coating approach over previously reported single functional PDA-AMP coatings.?”-33 The
importance of polymer structure and the way in which AMPs are conjugated on the surface
enable the long-term potent antibiofilm activity as illustrated using BA-AMP and MA-AMP
coatings. The BA-AMP coating structure offered optimal protection of AMPs against non-
specific adhesion of dead/live bacteria and retained the bactericidal activity by an electrostatic
membrane disruption mechanism. The PDMA chains in the moderate brush regime were
responsible for the antifouling characteristics of the BA-AMP coating and was helpful in
preventing the deposition of bacterial debris on the surface avoiding surface passivation and
retention of AMP activity, and thus providing a “regenerating” surface to kill bacteria.%-64

The increased bacterial adhesion shown by the MA-AMP coating could be due to the more
accessible interaction of the cationic AMPs with negatively charged bacteria unlike BA-AMP
coatings. Another reason might be the slightly higher hydrophobic character of the MA-AMP
coating as revealed by the AFM force measurements. Unlike the BA-AMP coating structure, in
the MA-BMP coating, the non-fouling properties of the hydrophilic PDMA were insufficiently
protecting the surface. Overall, having active AMPs present on the coating at high density didn’t
outweigh the disadvantages of increased bacterial adhesion which contributed to the poor long
lasting antibiofilm activity. Although the current data is illustrated in the case of AMPs, the same
principle is highly relevant in the design criteria of bifunctional antibiofilm surfaces which utilize
contact killing for its antibiofilm activity.

Another important consideration was the AMP candidate which works in cooperation with the
non-fouling background. The secondary structure of the conjugated peptides could be altered
upon interaction with the coating components''5' and could affect bactericidal activity of the
AMP conjugated surface. Thus, it is important to evaluate and identify AMPs that work under
relevant conditions. Compared to other AMP conjugation methods involving multi-step
modification and substrate dependent chemistry,15-19.35-36 the conjugation of AMP to the BA
coating was highly efficient, substrate independent, and can be performed via a simple
incubation without the need of any further modification. Thus, the developed method could be
used as a high throughput screening method for developing novel AMPs with high surface
activity in combination with the non-fouling background. Since PDA/PDMA coating is highly
biocompatible,?5-8 it can be also readily translated to medical devices.

To illustrate the point and as a proof-of-concept, we conjugated a small library of AMPs to the
BA coating and assessed their antibiofilm formation efficiency against both gram-positive and
gram-negative bacteria. We explored the potential of the screening approach to identify potent
surface immobilized peptides from a library of AMPs with excellent activity in soluble form
(Table 2). The results from the antibiofilm assay confirmed the increased reduction in biofilm
formation for the identified AMPs after conjugation. Importantly, the tethered peptides showed
differences in efficiency in preventing biofilm formation when attached to the non-fouling
background. The tethered AMPs (with cysteine at the C-terminus) have potent antibiofilm
activity against S. saprophyticus and E. coli, consistent with their strong antimicrobial activity of
their soluble form (Table 2). Tethered Tet20LC showed the best antibiofilm activity against S.
aureus, even though it has the same MIC values as Tet20C. The addition of two beta-alanines
with linear structure (Tet20C to Tet20LC), may have enhanced the flexibility of tethered
peptides or the secondary structure??67 to maximize the interaction between tethered peptides
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and bacteria. The tethered IDR-1018 and 3002C showed compromised antibiofilm activity
against P. aeruginosa compared to other tethered peptides, which agrees with their weak
antimicrobial activity in soluble form. In general, AMPs E6, Tet20C, Tet20LC and DJK5C
showed better broad-spectrum activity against different pathogens compared to DJK5, DJKG6,
IDR-1018 and 3002C.

Another interesting observation was regarding the functional group used for covalent
immobilization of AMPs. Covalent immobilization of DJK5S with or without cysteine at the C-
terminus resulted in different activity profiles depending on the exposed peptide terminus.
Tethered DJK5C in the coating showed better prevention of biofilm formation than N-terminal
tethered DJKS for all four bacterial strains tested. These results indicate that the covalent
immobilization of its C-terminus (for DJK5C) allowed the peptides to have its N-terminal
hydrophobic domain and full complement of amines interacting with bacteria to achieve higher
bactericidal activity. This is consistent with the fact that peptide orientation is crucial to generate
optimal interaction between the peptide “killing components” and bacteria to achieve high
activity.?>52 The hydrophobic domain and amines should be free to interact with the bacterial
surfaces.

Further, we demonstrated the application of the developed screening and identification method
for potent surface tethered antibiofiim AMP and the application of the coating chemistry to a
medical application which is highly relevant in preventing catheter associated urinary tract
infection. We directly applied the coating to polymeric catheters without changing the
composition and illustrated its activity in a clinically relevant in vivo catheter-associated urinary
tract infection model. This proof-of-concept study with identified peptides from a small library
clearly demonstrates the potential of our developed screening approach for the identification of
better peptides with improved activity for future studies. In addition, adaptation of this coating
approach using other forms of peptide screening may prove useful in the prevention of
implant/device-associated infections in other settings. This novel anti-adhesive coating
consisted of a combination antimicrobial peptide E6 and Tet20LC tethered to an antifouling
coating and demonstrated high efficiency in significant reducing biofilm formation on clinically
used polyurethane catheter surface over a 7-day period. The enhanced prevention of biofilm
formation in both in vitro and in vivo studies described here illustrates the versatility of the new
coating method. While this AMPs conjugated non-adhesive coating showed excellent efficiency
in reducing biofilm formation and infection, the use of different bacterial species and animal
models by other studies investigating the efficacy of different coating technologies throughout
the literature,5-20.27-36 does not allow us to draw conclusions regarding superiority of our coating.
For this, a direct comparison using similar conditions is needed. Importantly, unlike previously
developed coatings, the current coating approach is simple, and versatile, and can be applied
to diverse materials used in medical device manufacturing, making its translation potential into
clinical practice high.

5. Conclusions

In summary, we have developed a new coating strategy which is simple and easily translatable
onto diverse substrates for tethering AMPs onto a non-fouling background. The approach
allowed for the presentation of AMPs at different locations within the coatings. The structure of
the coating changed the distribution of AMPs within the coating, interaction of AMPs with
bacteria, and both of these factors influenced their efficiency against biofilm formation. The
coating with the non-fouling PDMA chains presented in the appropriate structure and provide
steric protection to the surface immobilized AMPs showed the highest antibiofilm activity. The
surface tethered AMPs and PDMA chains worked in cooperation to kill the bacteria on the
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surface, minimized the bacterial adhesion, and regenerated the surface activity by preventing
the accumulation and passivation by fouling agents. The optimized coating was adapted as a
method for medium-throughput screening for the identification of surface tethered peptides with
high antibiofilm activity on surfaces. Using this method, we identified a set of potent surface
immobilized AMPs from a small library of peptides and were used to generate new antibiofilm
coatings that works in complex environments. The new antibiofilm coating has shown to be
highly effective in preventing biofilm formation in vitro and in a mouse infection model of medical
device infection demonstrating the potential of the new coating method. The current study
provided the design criteria for bifunctional coatings, and demonstrated that fine tuning of
coating components is critical to achieve high antibiofilm activity on medical device/implants
that works in relevant conditions.
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Figure 1. Schematic representation of conjugation of AMPs onto non-fouling coating with different structure of polymer chains
on the surface. (A) Conjugation of AMPs directly onto PDA component in a non-fouling background generated by PDA/PDMA coating
(BA coating). The AMPs were conjugated by the reaction between quinone groups in the underlying PDA and amine or thiol groups in
the AMP. (B) Conjugation of AMPs via a copolymer approach (MA coating). The AMPs was tethered into the coating between the reaction
of iodoacetamide groups on the polymers and thiol groups on the AMP as well as the reaction between PDA and AMP
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Figure 2. Surface characterization of the coatings. (A) ATR-FTIR spectra of BA coating on 14G catheter before and after peptide
conjugation and the spectral subtraction. (B) ATR-FTIR spectra of MA coating on 14G catheter before and after peptide conjugation.
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(C) XPS survey scan of BA and MA coatings on silicon wafer before and after peptide conjugation. The change in water angle (D) and
thickness (E) of the coating on Ti substrate before and after peptide conjugation. (F) Coating stability. The unnoticeable change in
thickness of the coating indicates that it is stable in PBS for 7 days and can withstand ultrasonication for 10 min. (F) QCM-D real-time
analysis of the conjugation of E6 to the BA-coated surface in buffer (pH 8.0).
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Figure 3. Surface characterization via atomic force microscopy. Surface morphology of BA (A) and BA-E6 (B) coating on Silicon
wafer. AFM force spectroscopy of (C) BA coating and BA-E6 coating on silicon wafer. Representative approach (black line) and retraction
(red line) force curves are shown. Distribution of the (D) rupture distance and (E) the corresponding adhesive force for the BA-E6 coated
silicon wafer.
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33 Figure 4. Surface characterization via atomic force microscopy. Surface morphology of MA (A) and MA-E6 (B) coating on Silicon
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Figure 5. Efficiency of coatings in prevention of early-stage biofilm formation. Ti coated silicon wafers were used for the study.
Representative fluorescence microscopy images of bacterial adhesion (S. saprophyticus) on (A) uncoated Ti, BA, BA-E6, MA and MA-
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E6 coatings after 6h and 24 h incubation in TSB medium. Number and percentage of dead bacteria adhered onto the bare Ti substrate
and on different coatings at 6 h (B and C) and 24 h (D and E). Scale bar = 100 um. The morphology of bacteria adhered to the (F)
uncoated Ti, (G) BA, (H) BA-E6 and () MA-E6 coatings. Scale bar = 2 um. Approximately 5 x 105 CFU/mL (1ml) were added to each
sample in a 24 wells plate and incubated at 37 °C on a platform rocking at 50 rpm. Student's two-tailed unpaired t-test was used for
statistical analysis (N = 3). *. p<0.05, **, p < 0.01, and ***. p < 0.001.
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Figure 6. Efficiency in prevention of biofilm formation in vitro by different coatings. Representative confocal fluorescence
microscopy images of S. saprophyticus biofilm formation on (A) uncoated Ti (B) BA coating, (C) BA-E6 coating and (D) MA-E6 coating.
Representative confocal fluorescence microscopy images of P. aeruginosa biofilm formation on (E) uncoated Ti, (F) BA coating, (G)
BA-E6 coating and (H) MA-E6 coating. Scale bar = 100 um. 1 mL bacterial culture with initial count of ~5 x 10> CFU/mL was added to
each sample in the wells of 24 wells plate and incubated at 37°C on a platform rocking at 50 rpm for 24 h
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1 Figure 7. Efficiency in prevention of biofilm formation in vitro. (A) The reduction of bacterial

19 adhesion (S. saprophyticus) on coated 14G PU catheter after incubation in TSB medium for 24h. (B)
20 The reduction of bacterial adhesion (P. aeruginosa) on coated 14G PU catheter after incubation in LB
21 medium for 24 h. Student's two-tailed unpaired t-test was used for statistical analysis (N = 3). *. p <
22 0.05; ** p<0.01; ***, p < 0.001.
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Figure 8. Semi-throughput screening method for the identification of high efficiency antibiofilm surface immobilized peptides
in relevant non-fouling background. (A) Schematic of BA-AMP coating on 96 wells plate. Different from the conventional tethered
AMPs on the substrate, the AMPs in the BA-AMP coating is presented in a non-fouling background generated by PDMA chains. (B)
Increase in thickness after peptide conjugation on the BA coating modified silicon substrate. Screening of tethered peptides utilizing BA-
AMP coating against S. saprophyticus (C), S. aureus (D), P. aeruginosa (E) and E. coli (F). Student's two-tailed unpaired t-test was used
for statistical analysis (N = 3). n.s.: not significant difference. *. p < 0.05; ** p <0.01; ***, p < 0.001.
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18 Figure 9. Hemolysis and cytocompatibility of BA and BA-E6 coating on PU surfaces. (A)
Percentage of hemolysis triggered by the BA and BA-E6 coated PU coupon (diameter of 5/8"), (B)
51 Viability of T24 cells grown on the BA and BA-E6 coated PU coupon.
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Figure 10. Inhibition of biofilm formation by S. saprophyticus by the BA coating conjugated with
E6 or Tet20LC on PU catheters in vitro and in mouse urinary tract infection model. (A) Number
of survived S. saprophyticus recovered from the 24G PU catheter surface after incubating for 24 h in
vitro. (B) Number of S. saprophyticus adhered on the PU catheter surface and (C) in the urine after 7
days in vivo in urinary infection model. SEM images of biofilm on (D) bare and (E) BA coating
conjugated with E6, (F) Tet20LC coated catheter after instillation in mice for 7 days. (Scale bar =5 pym).
N = 12 mice for the control (pristine PU catheter), N = 7 mice for the BA-E6 coated catheter and N = 9
mice for the BA-Tet20LC coated catheter. Student's two-tailed unpaired t-test was used for statistical
analysis. * indicates p < 0.05, *** indicates p < 0.001.
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Table 1. Surface elemental composition of the coating on silicon wafer substrate from XPS analysis

Si | PDA/Si | BA/Si | BA-E6/Si | MA/Si | MA-E6/Si
C% | 93 | 744 72 68.4 67.8 67.9
N% | 1.2 6.9 9.7 9.9 10.8 13.7
0% | 39.5| 182 17.9 19.5 18.2 15.1

M |si% | 50 0.5 0.4 0 3.2 1.6

13 [ S% 0 0 0 2.2 0 1.8

15 1% 0 0 0 0 0.1 0
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Table 2. Antimicrobial peptides, their sequences and minimal inhibition concentration (MIC) used in this study. All peptides were amidated
at the C-terminus and lower case letters refer to D-amino acids.

AMPs Sequence MIC (ug/mL) Grafting density (ng/cm?)
P. aeruginosa E. coli S. aureus | S. saprophyticus
E6 RRWRIVVIRVRRC 32 8 64 4 312+ 36
Tet20C KRWRIRVRVIRKC 8 4 64 2 282 +42
Tet20LC KRWRIRVRVIRK- 16 4 64 2 276 + 36
bA-bA-C
DJK5C Vqwrairvrvirc 16 4 16 2 312+12
DJK5 Vagwrairvrvir 16 1.6 16 2 222 +12
IDR-1018 | VRLIVAVRIWRR 64 9.3 16 2 372 +12
3002C ILVRWIRWRIQWC 128 16 32 8 384 + 24
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