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Surface modification techniques that create surfaces capable of killing adherent bacteria are promising solutions to
infections associated with implantable medical devices. Antimicrobial (AMB) peptoid oligomers (ampetoids) that
were designed to mimic helical AMB peptides were synthesised with a peptoid spacer chain to allow mobility and an
adhesive peptide moiety for easy and robust immobilisation onto substrata. TiO, substrata were modified with the
ampetoids and subsequently backfilled with an antifouling (AF) polypeptoid polymer in order to create polymer
surface coatings composed of both AMB (active) and AF (passive) peptoid functionalities. Confocal microscopy
images showed that the membranes of adherent E. coli cells were damaged after 2-h exposure to the modified
substrata, suggesting that ampetoids retain AMB properties even when immobilised on substrata.
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Introduction

Potential applications of surface-immobilised antimicro-
bial (AMB) polymers include medical devices, water
purification systems, food packaging and hospital equip-
ment (Kenawy et al. 2007). Bacterial infections on
implanted medical devices such as catheters and pace-
makers can lead to serious complications and, often, device
removal because the adherent bacteria can form a biofilm,
which provides a protective environment for bacteria
against antibiotics and immune responses (Costerton
et al. 1999; Habash and Reid 1999).

Strategies to limit bacterial fouling of surfaces can
incorporate either passive or active elements. Passive
approaches to fouling prevention lack an active antibacter-
ial (ABT) component and typically involve the use of
antifouling (AF) polymer surface coatings to provide steric
resistance to physical attachment of bacteria. Examples of
polymers that have been shown to reduce short-term
bacterial attachment include poly(ethylene glycol) (PEG)
(Kingshott et al. 2003; Harbers et al. 2007), self-assembled
monolayers (SAMs) (Chapman et al. 2001), and peptide
mimetic polymers (Statz et al. 2008).

Surface coatings may also contain active compo-
nents capable of killing bacteria through direct contact
or via a leachable compound. Examples of active AMB
coatings include cationic polymers such as chitosan
(Huh et al. 2001; Fu et al. 2005) and polymers

containing quaternary ammonium (Lee et al. 2004;
Cheng et al. 2005; Murata et al. 2007) and pyridinium
(Tiller et al. 2001, 2002; Cen et al. 2004; Krishnan et al.
2006) functional groups. The ABT effect of silver can
be exploited by incorporation of silver salts or silver
nanoparticles into coatings (Sambhy et al. 2006;
Marini et al. 2007; Ramstedt et al. 2007a.,b). Another
reported approach for creating ABT surfaces involves
the direct attachment of antibiotics such as vancomy-
cin (Jose et al. 2005) and penicillin (Aumsuwan et al.
2007) to surfaces. AMB peptides (AMPs) offer activity
against a wide range of organisms, while functioning
with some selectivity for bacteria over mammalian cells
(Hancock and Sahl 2006), and there have been
recent reports of AMP immobilisation onto surfaces
(Appendini and Hotchkiss 2001; Gabriel et al. 2006).

Several non-natural mimics of AMPs with high
activity have recently been developed, providing
advantages in terms of chemical diversity and sig-
nificant resistance to protease degradation (Miller et al.
1995). For example, the linear cationic o-helical
class of AMPs has been successfully mimicked
as f-peptides and as poly-N-substituted glycines
(peptoids) (Porter et al. 2002; Patch and Barron
2003; Chongsiriwatana et al. 2008). Peptoids are
non-natural mimics of polypeptides with the side chains
appended to the amide nitrogen instead of the a-carbon
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(Zuckermann et al. 1992). Peptoids are well suited for
AMP use because they have been shown to be resistant
to protease enzymes (Miller et al. 1995; Statz et al.
2008), the submonomer synthesis method allows for a
great versatility of side-chain chemistry (Zuckermann
et al. 1992), and helical secondary structures can be
formed by incorporating bulky o-chiral side chains (Wu
et al. 2001, 2003; Sanborn et al. 2002). Peptoid mimics
of AMPs (ampetoids) with helical structures that exhibit
ABT activity in solution have been synthesised pre-
viously (Patch and Barron 2003; Chongsiriwatana et al.
2008). Several ampetoids were recently tested for broad-
spectrum activity and cytotoxicity, revealing peptoid
sequences with ABT activity equivalent to cationic
AMB peptides and with strong selectivity for bacteria
over mammalian cells (Chongsiriwatana et al. 2008).

Peptoids can also offer passive resistance to biofoul-
ing, much like other AF polymers, as was first
established with surfaces coated with a linear poly(N-
methoxyethyl glycine) peptoid (Statz et al. 2005). Protein
and cell adhesion on TiO, were substantially reduced by
coating with this peptoid, which has side-chains similar
to the repeat unit of PEG. A follow-up study revealed a
substantial reduction in Staphylococcus epidermidis and
E. coli adhesion when compared with unmodified TiO,
substrata (Statz et al. 2008), presumably due to passive
inhibition of bacterial cell attachment. In the current
study, the passive resistance of N-methoxyethyl glycine
peptoids was combined with an active AMP sequence
identified in a previous ampetoid study (Chongsiriwata-
na et al. 2008). The results demonstrate a reduction in
protein adsorption and fibroblast cell attachment. For
surfaces incorporating the ABT peptoid sequence, a
large fraction of the attached bacteria had compromised
membranes, confirming that the immobilised ABT
peptoid remained active.

Materials and methods
Materials

The primary amines for peptoid synthesis,
2,2 2-trifluoroethylamine,  (S)-(—)-1-phenylethylamine,
(S)-(4)-sec-butylamine, methoxyethylamine and 1,4-

diaminobutane were purchased from Aldrich
(Milwaukee, WI). Dimethylformamide (DMF),
diisopropylethylamine (DIPEA), acetonitrile, N-

morpholinopropanesufonic acid (MOPS) buffer salt,
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) buffer salt, 2-propanol, 1,1’-dioctadecyl-
3,3,3".3'-tetramethylindocarbocyanine perchlorate
(Dil) and fluorescein 5(6)-isothiocyanate (FITC) were
also purchased from Aldrich (Milwaukee, WI). Rink
amide MBHA resin was purchased from AnaSpec (San
Jose, CA). Fmoc-Lys(Boc)-OH, Fmoc-Dopa(aceto-
nide)-OH, and Fmoc-Pro-OH were purchased from

Novabiochem (San Diego, CA). A protected submo-
nomer (N-tert-butoxycarbonyl-1,4-butanediamine)
was synthesised according to the published procedure
(Krapcho and Kuell 1990), whereas all other primary
amines for peptoid synthesis were used as purchased.
Acetic anhydride, 2-(1H-benzotriazole-1-yl)- 1,1,3,3-
tetramethylaminium hexafluorophosphate (HBTU),
and N-methylpyrrolidone (NMP) were purchased
from Applied Biosystems (Foster City, CA). Trifluoro-
acetic acid (TFA) was obtained from Acros Organics
(Belgium). Silicon wafers were purchased from Uni-
versity Wafer (South Boston, MA). Glass microscope
slides and Lab-tek two-well slide chambers were
purchased from Fisher Scientific (Pittsburgh, PA).
3T3-Swiss albino fibroblasts, Dulbecco’s modified
Eagle’s medium, foetal bovine serum, penicillin/strep-
tomycin, trypsin-EDTA, and E. coli (ATCC 35218),
Bacillus subtilis (ATCC 6633), S. epidermidis RP62A
(ATCC 12228) and Pseudomonas aeruginosa (ATCC
700829) were obtained from American Type Culture
Collection (Manassas, VA). Mueller—Hinton broth
(MHB) and agar were purchased from Becton,
Dickinson and Co. (Sparks, MD). Lyophilised whole
human serum (Control Serum N) was purchased from
Roche Diagnostics (Indianapolis, IN). The ultrapure
water (UP H>O) used for all experiments was purified
(resistivity > 18.2 MQ-cm, total organic content <5
ppb) with a NANOpure Infinity System from Barn-
stead/Thermolyne Corporation (Dubuque, 1A).

Synthesis

Polymer sequences and peptoid monomer side chains
and amino acids are shown in Figure 1. Synthesis was
performed on a C S Bio 036 (C S Bio, Menlo Park,
CA) automated peptide synthesiser according to the
previously described procedure (Statz et al. 2005). First,
a C-terminal Dopa-Lys-Dopa-Lys-Dopa peptide was
synthesised on rink amide MBHA resin using conven-
tional Fmoc strategy of solid-phase peptide synthesis.
This pentapeptide functions as an adhesive anchor for
immobilisation of the peptoid onto surfaces (Statz et al.
2005). A 20-mer N-methoxyethyl glycine (Nme) poly-
peptoid portion was then synthesised using a submo-
nomer protocol (Zuckermann et al. 1992) and the resin
was split. For PMP1-AMP and PMP1-C, submonomer
synthesis was continued to add peptoid AMP (H-NLys-
Nspe-Nspe-NLys-Nspe-Pro-[ NLys-Nspe-Nspe],-NH») or
peptoid C (H-[ NLys-Nssb-Nssb],-NH,) (Chongsiriwatana
et al. 2008), respectively, onto the N-terminus of the
Nme polypeptoid. During synthesis of PMP1-AMP
and PMPI-C, a single residue of N-(2,2,2-trifluor-
octhyl) glycine (Ntfe) was added between the peptide
and peptoid fragments, as a label for X-ray photoelec-
tron spectroscopy (XPS) compositional analysis.
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Figure 1. Polymer sequences, peptoid monomer structures
and amino acid structures with abbreviations.
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PMP1,, consisted of a 10-mer sequence of Nme
conjugated to the adhesive pentapeptide anchor, and
was used as a passive ‘backfilling’ component in
surfaces pre-adsorbed with PMP1-AMP.

Polymers were cleaved from the resin and the
amino acid side-chains were deprotected by treating
the resin with 95% (v/v) TFA, 2.5% H,O and 2.5%
TIS for 10 min, after which the cleaved polymer was
removed by filtering and rinsing several times with
TFA. Solvent was removed using a rotary evaporator;
the product was dissolved in 50/50% water/acetoni-
trile, frozen and lyophilised. The crude products were
purified by preparative reversed-phase high perfor-
mance liquid chromatography (RP-HPLC) (Waters,
Milford, MA) using a Vydac C18 column. The purity
of each final product was confirmed by RP-HPLC and
matrix-assisted laser desorption/ionisation mass spec-
trometry (MALDI-MS) (Voyager DE-Pro, Perspective
Biosystem, MA).

ABT activity in solution

The minimum inhibitory concentration (MIC) for each
polymer was determined according to the Clinical
Laboratory Standards Institute (CLSI) broth micro-
dilution protocols (M7-A6). The procedure explained
previously was followed (Chongsiriwatana et al. 2008).
Briefly, serial dilutions of the polymers were prepared
in Mueller—Hinton broth (MHB) in 96-well microtiter
plates, and bacterial inoculum in MHB was added to
each well (~5.0 x 10* CFU well™"). The optical
density was monitored at 590 nm for 16 h at 35°C. The
MIC was defined as the lowest concentration of
peptoid/polymer necessary to completely inhibit bac-
terial growth for 16 h; experiments were repeated three
times in duplicate for each bacterial strain including
E. coli, B. subtilis, S. epidermidis and P. aeruginosa.

Circular dichroism spectroscopy

Circular dichroism (CD) measurements were con-
ducted on a Jasco model 715 spectropolarimeter, using
a quartz cylindrical cell (path length = 0.02 cm).
Samples were dissolved at a concentration of 50 M
in 10 mM Tris-HCI (pH = 7.4). Scans were measured
at 100 nm min " between 185 and 280 nm at 0.2 nm
data pitch, 1 nm bandwidth, 2 s response and 100
mdeg sensitivity. The plots contain the average data
from 40 spectral accumulations.

Surface modification

Silicon wafers and glass slides were coated with a 20-
nm thick layer of TiO, by electron beam evaporation
(Edwards Auto306; <10~ ° Torr) and the coated
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wafers cut into l-cm? pieces. The substrata were
cleaned ultrasonically for 10 min in 2-propanol,
dried under N,, and then exposed to O, plasma
(Harrick Scientific, Ossining, USA) at <150 Torr and
100 W for 3 min. Optical waveguide lightmode
spectroscopy (OWLS) waveguides were purchased
from MicroVacuum Ltd (Budapest, Hungary) (Voros
et al. 2002) and coated with a 10-nm thick layer of
TiO, by electron beam evaporation as described
earlier. Sensors were cleaned following the same
procedure as for the TiO, substrata. After use,
OWLS waveguides were regenerated for subsequent
use by 10-min sonication cycles in 0.1 M HCI, UP H,O
and 2-propanol followed by exposure to O, plasma to
remove adsorbates.

Clean substrata and sensors were immersed in a
0.5 mg ml~ ' solution of the appropriate ampetoid in
UP H,O at 25°C. After 2 h, substrata were removed
and rinsed with UP H,O to remove any unbound
polymer, and then dried in a stream of filtered No.
Next, the substrata were immersed in a 1.0 mg ml~'
solution of PMP1,, in 3 M NaCl buffered with 0.1 M
MOPS, pH = 6 (CP buffer) at 50°C for 6 h. After
modification, substrata were extensively rinsed with
UP H,O to remove any unbound polymer, and then
dried in a stream of filtered N,.

XPS

Survey and high resolution XPS spectra were collected
on an Omicron ESCALAB (Omicron, Taunusstein,
Germany) configured with a monochromated Al Ka
(1486.8 V) 300-W X-ray source, 1.5 mm circular spot
size, a flood gun to counter charging effects, and an
ultrahigh vacuum (<10~% Torr). Substrata were
prepared and analysed as previously described (Statz
et al. 2008).

OWLS

OWLS was used to determine the optimum adsorption
conditions for the polymers on TiO, surfaces. Clean
TiO, sensors were inserted into the measurement head
of an OWLS110 (MicroVacuum Ltd.) and exposed to
the appropriate buffer solution through the flow-
through cell (16 ul volume) for several hours to allow
for equilibration. Ampetoid solutions were injected
into the flow-through cell in stop-flow mode and
allowed to adsorb for various times. The waveguide
sensors were subsequently rinsed with buffer, and
allowed to equilibrate for another 30 min. Between
polymer adsorption steps, buffers were exchanged and
the system was allowed to equilibrate for at least 10 h.
The measured incoupling angles, oy and org were
converted to refractive indices N1y and Ntg by the

MicroVacuum software, and changes in refractive
index at the sensor surface were converted to adsorbed
mass using de Feijter’s formula (de Feijter et al. 1978).
The refractive indices of solutions were measured
using a refractometer (J157 Automatic Refractometer,
Rudolph Research) under identical experimental
conditions. A refractive index value of 1.35616 was
used for the CP buffer, and 0.159 cm® g~' and
0.129 cm® g~ ' were used for dn/dc values for the
ampetoids and PMP1,,, respectively.

OWLS was also used for in situ protein adsorption
experiments; TiOj;-coated waveguide sensors were
modified with the polymers as explained previously.
After adequate equilibration of the sensors in HEPES
buffer, human serum solution was injected and allowed
to adsorb for 20 min at 37°C before rinsing with
HEPES buffer. A refractive index value of 1.33127 was
used for the HEPES buffer, and a standard value of
0.182 cm® g~ ' was used for dn/dc in the protein-
adsorption calculations (Pasche et al. 2003). Averages
and SDs from three replicates are reported. Statistical
significance was assessed using a one-way ANOVA
and Tukey’s post hoc test with 95% confidence
intervals (SPSS, Chicago, IL).

ABT activity on surfaces

E. coli cells were streaked from frozen stocks onto
Mueller—Hinton agar and incubated overnight at 37°C.
A few colonies were then used to inoculate 25 ml of
sterile Mueller—Hinton broth (MHB) and grown over-
night at 37°C. TiO,-coated glass slides were modified
with the polymers using the previously described
procedure. Two-well chambers were clamped to the
slides and sealed by injecting silastic resin, which was
allowed to cure overnight. Slides were sterilised by
exposure to UV light for 10 min. The bacterial
suspension was concentrated by centrifugation and
resuspended in PBS at a concentration of 5 x 10’
CFU ml~ ;2 ml of the E. coli suspension was added to
each slide chamber. Slide chamber was covered and
placed in a humidified incubator at 37°C; after 2 h,
nonadherent bacteria were removed by inverted
centrifugation for 2 min at 30 rcf in sealed bags filled
with PBS (Jensen et al. 2004). Adherent bacteria were
stained with FITC (6 ug ml~") in PBS for 15 min at
37°C. FITC has been observed to only penetrate into
cells with compromised membranes (Makovitzki et al.
2006). Slides were rinsed with PBS and imaged by
confocal microscopy equipped with an inverted micro-
scope (Leica TCS SP2). Phase contrast and fluorescent
(488-nm band-pass filter for excitation of FITC)
images were taken at identical locations to determine
bacterial cell count and percent stained with FITC.
The microscope images were quantified using



thresholding in ImageJ, and averages with SDs for at
least nine images from one slide are reported.
Although slides were prepared in duplicate or triplicate
and consistency was qualitatively confirmed between
experimental samples, the reported counts and images
were obtained from a single slide for each condition.

Fibroblast adhesion assay

3T3-Swiss albino fibroblasts were maintained at 37°C
and 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% foetal bovine serum (FBS)
and 100 U ml~" of penicillin/streptomycin. Immedi-
ately before use, fibroblasts of passage 12-16 were
harvested using 0.25% trypsin-EDTA, resuspended in
DMEM with 10% FBS and counted using a haema-
cytometer. Modified and unmodified TiO, substrata
were sterilised by exposure to UV light for 10 min; cells
were seeded on each substratum at a density of
2.9 x 10° cells cm 2 and maintained in DMEM
with FBS at 37°C and 5% CO, for 4 h, after which
adherent cells were fixed in 3.7% paraformaldehyde
for 5 min and stained with 5 uM 1,1’-dioctadecyl-
3,3,3’,3/-tetramethylindocarbocyanine perchlorate
(Dil) for epifluorescent microscope counting.

Quantitative cell attachment data were obtained
by acquiring nine images (10 x magnification) from
random locations on each substratum using a Leica
epifluorescent microscope (W. Nuhsbaum, McHenry,
IL) equipped with a SPOT RT digital camera
(Diagnostics Instruments, Sterling Heights, MI). Three
identical substrata for each experiment were analysed,
and the total projected cellular area was quantified
using thresholding in Metamorph (Molecular Devices,
Downingtown, PA); the mean and SD are reported.
Statistical significance was assessed using a one-way
ANOVA and Tukey’s post hoc test with 95%
confidence intervals (SPSS, Chicago, IL).

Results and discussion

AMB peptoid design

The AMB incorporated previously identified sequences
that mimic helical AMB peptides (Patch and Barron
2003; Chongsiriwatana et al. 2008). PMP1-AMP
contained an N-terminal 12-mer peptoid sequence
composed of a-chiral aromatic (S)-N-(1-phenylethyl)-
glycine (Nspe), achiral cationic N-(4-aminobutyl)gly-
cine (NLys) and one proline residue, selected based on
its reported low MIC and high selectivity ratio for
bacterial cells over mammalian cells (Chongsiriwatana
et al. 2008). PMPI1-C contained a terminal 12-mer
peptoid sequence composed of bulky o-chiral side-
chains (S)-N-(sec-butyl)glycine (Nssb) and cationic N-
(4-aminobutyl)glycine (NLys) residues, selected as a
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control because this sequence exhibited very low ABT
and hemolytic activity (Patch and Barron 2003). Both
polymers were tethered to the substratum surface via a
peptide/peptoid construct composed of adhesive pep-
tides (DOPA, Lys) and AF peptoids (Nme). The
(Nme),o-(DOPA-Lys),-DOPA construct (PMP1) was
previously shown to adsorb strongly to TiO, substrata
and provide excellent protein and cell fouling-resistant
properties (Statz et al. 2005, 2008). A shorter version of
this construct, PMP1,,, was synthesised in order to
‘backfill’ the surfaces with a passive AF peptoid after
modification with PMP1-AMP. The polymers were
purified using RP-HPLC, and the purity and molecular
weight of the resulting fractions were determined using
RP-HPLC and MALDI-MS (Figures S1 and S2). The
chemical structures of PMPI-AMP, PMPI-C and
PMP1,, are shown in Figure 1.

AMB activity — solution assay

The polymers were initially tested to determine
their ABT properties in the solution state. The ABT
activities of the compounds were tested using
the methods described above for both Gram-negative
and Gram-positive bacterial strains. The MICs are
reported in Table 1. Although PMPI-AMP was
active against all bacterial strains, the MIC was 24
times greater than that for AMP alone; this increase
can likely be explained by the presence of the
additional 26 residues contained in the Nme tether
and adhesive anchor portion of the polymer. As
expected, peptoid C, PMPI1-C and PMP1,, were not
active at the tested concentrations. Although MIC
values are useful predictors for AMBs in solution,
these measurements do not directly correlate to the
amount required for surface-immobilised applications
because interactions between the bacteria and the
immobilised polypeptoids are expected to differ from
the interactions when the ampetoids are free in
solution.

The effects of the additional peptide and peptoid
residues on the secondary structure of AMP were

Table 1. Antibacterial activities (MICs) of the ampetoids
and polymer components with E. coli, B. subtilis,
S. epidermidis and P. aeruginosa.

MIC (uM)

E. B. S. P.

coli subtilis  epidermidis  aeruginosa
PMP1-AMP 50 3.1 3.1 200
AMP 12.5 1.6 1.6 25
PMP1-C > 100 >100 >100 >100
Peptoid C >100 >100 >100 >100
PMP1 > 100 > 100 >100 >100
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investigated by measuring the overall helix structure of
the polymers using CD spectroscopy (Figure S3).
PMPI-AMP and AMP exhibited similar spectral
features, indicating the presence of a defined
helical structure as was shown previously for AMP
(Chongsiriwatana et al. 2008). The helical structures of
PMPI1-AMP and AMP are due to the incorporation
of bulky a-chiral side chains which cause steric
constraints (Armand et al. 1998; Wu et al. 2001,
2003; Sanborn et al. 2002). Peptoid C, PMPI1-C and
PMP1,, did not have helical structures.

Surface characterisation

Next, adsorption of the polymers onto TiO, substrata
was investigated using OWLS and XPS. In order to
create surfaces with both active ABT and passive AF
properties, surfaces were modified with PMP1-AMP or
PMPI-C, first, and then backfilled with the shorter
PMP1,,. Modifying surfaces with a two-step approach
involving grafting of a longer polymer followed by
backfilling with a shorter one, has been shown to be an
effective strategy for enhancing the AF performance of
polymer brushes (Fang et al. 2005; Satomi et al. 2007;
Uchida et al. 2007). In the present case, backfilling
with PMP1,, should facilitate extension of the active
AMP moiety away from the surface for interaction
with bacteria that encounter the modified surface. Like
AMB peptides, ampetoids must interact with the
bacterial membranes (Pag et al. 2004; Hancock and
Sahl 2006; Jenssen et al. 2006); therefore, the mobility
of the longer ampetoid chains would be expected to
be important for AB activity. Gabriel et al. (20006)
demonstrated that PEG spacers were necessary when
immobilising cathelin LL37 on titanium surfaces
because lateral mobility of surface-bound AMPs
and parallel orientation of the peptide helices are
required for interaction of the peptides with bacterial
membranes.

Optimum modification conditions were determined
by conducting OWLS experiments; PMP1-AMP was
adsorbed onto TiO, waveguides using various con-
centrations and modification conditions. The goal was
to adsorb a sub-monolayer coating of the polymer
onto the surface. Subsequently, PMP1,, was adsorbed
on the waveguide containing the PMP1-AMP layer in
order to backfill between the ampetoid chains with this
AF polymer. Although the PMP1,, may be able to
adsorb on top of the PMP1-AMP layer, most likely the
PMP1,, will adsorb to any remaining exposed areas of
the TiO, waveguide due to the strong interactive forces
between DOPA and metal oxides (Statz et al. 2005; Lee
et al. 2006). The OWLS mass plot, shown in Figure 2a,
represents the optimum conditions for two-stage
adsorption: 2 h adsorption of a 0.5 mg ml~' solution

of PMP1-AMP in H,O, followed by 6-h adsorption of
a 1.0 mg ml~ ! solution of PMP1,, in CP buffer. The
resulting adsorbed masses correlate to a polymer
coating composed of ~40% PMP1-AMP AB polymer
and 60% of PMP1,, AF polymer. The experiments
were repeated using identical adsorption conditions for
PMP1-C, shown in Figure 2b, yielding a surface
composed of~43% ABT polymer and 57% AF
polymer. These conditions were selected for prepara-
tion of mixed surfaces in all subsequent experiments.
The elemental compositions of the polymer layers
are reported in Table 2, derived from the XPS survey
scan spectra shown in Figure S4. C, N and O signals
are representative of the peptide/peptoid backbone and
side-chains of the polymers. Ti signal was detected for
all samples from the underlying TiO, substrata. The
decrease in Ti signal for PMPI1,,-modified substrata
indicates successful modification, and the further
decrease in Ti % for the PMP1-AMP and PMP1-C
surfaces backfilled with PMP1;, suggests that the
polymer coating becomes thicker during the backfilling
step. The detected F signal is from the single
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Figure 2. OWLS plot of mass adsorption for PMP1-AMP
and PMP1, (a) and PMP1-C and PMP1, (b).



Table 2. Atomic compositions of bare and modified TiO,
substrata as determined from high-resolution XPS spectra.

Experimental composition (atom %)

Substrata C N O F Ti

TiO, 16.8 0.2 54.8 0.0 28.2
PMPI, only 48.5 6.9 34.8 0.0 9.8
PMPI1-AMP* 54.1 8.3 29.5 0.2 7.9
PMP1-C* 52.8 7.3 32.0 0.2 7.7

*Back-filled with PMP1,,.

trifluoroethyl glycine residue included in the PMPI1-
AMP and PMPI1-C polymers; the presence of the F
signal after backfilling indicates that PMP1-AMP and
PMPI-C remained on the surface after backfilling with
PMP1 .

ABT activity — substrata

Bacterial experiments on modified TiO, slides were
performed by exposing the surfaces to an E. coli
suspension for 2 h and then centrifuging to remove
unattached and weakly attached bacterial cells. The
bacteria remaining on the surfaces were imaged in
phase contrast for determination of cell numbers, and
in fluorescence after staining with FITC to detect cells
with compromised membranes. Images of representa-
tive areas of the substrata are shown in Figure 3. From
these images, the total numbers of adherent bacteria
(from phase contrast) and the percentage of attached
cells with compromised membranes (from FITC
staining) were determined, and are shown in Table 3.

E. coli attachment to TiO, was reduced upon
modification with PMPI1;y,, which is in general
agreement with a previous study on attachment of
S. epidermidis and E. coli to TiO, modified with a
20-mer Nme peptoid (Statz et al. 2008). The number of
E. coli attached to PMP1-AMP was comparable with
that on bare TiO, surfaces, whereas attachment to
PMPI1-C was much higher than on PMPI-AMP and
TiO, surfaces. Compared with PMP1,,, increased
bacterial attachment to PMPI-AMP and PMPI-C
surfaces could be explained either by direct interaction
of the N-terminal peptoid sequences with the bacterial
cell membrane, or through attachment of the bacteria
to an adsorbed protein layer. In the case of PMP1-C,
the terminal peptoid is unlikely to be membrane-active
because this construct has no ABT properties in
solution, suggesting a role for protein adsorption.
With this in mind, protein adsorption to PMP1,y,
and PMPI1-AMP and PMP1-C backfilled with PMP1,
was determined. The results shown in Table 4
indicate that, although serum protein adsorption
was increased on PMP1-AMP and PMPI1-C substrata
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Figure 3. Confocal microscopy images (phase contrast
images on left and fluorescent images on right) for E. coli
after 2 h incubation on bare TiO, (a and b), PMP1,, (c and d),
PMPI-AMP (e and f), and PMPI1-C (g and h) modified
substrata. Scale bar = 10 um.

Table 3. Quantification of bacterial adhesion and mem-
brane permeation on bare and modified TiO, substrata.

Total cell
Substrata count (cells cm ~?) % FITC-stained
TiO, 74 + 31 543
PMP1,, only 20 + 7 27 + 15
PMP1-AMP* 87 + 13 69 + 25
PMP1-C* 189 + 82 4 +3

Note: SDs from the mean for nine images are reported.
*Back-filled with PMP1,,.

Table 4. Quantification of short-term (20 min) human
serum protein adsorption on bare and modified TiO, sensors
using OWLS.

Substratum Adsorbed serum mass (ng cm ™ 2)
Bare TiO, 342 + 21
PMP1,, 51+ 7
PMPI-AMP* 119 + 40
PMPI1-C* 88 + 30

Note: SDs from the mean for three replicates are reported.
*Back-filled with PMP1,.

compared with PMPIl;, only substrata, the
adsorbed masses were significantly lower than on
unmodified TiO, sensors (p < 0.05). That the peptoid
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side-chains of the N-terminal segments of PMP1-AMP
and PMPI1-C increase fouling by macromolecules is
not surprising given the hydrophobic nature of the
Nspe and Nssb residues in these sequences (Ostuni
et al. 2001).

Staining of adhered E. coli with FITC revealed that
the highest percentage of bacterial cells with compro-
mised membranes occurred on the active PMP1-AMP
polymer surface when compared with PMPI1-C,
PMP1,, only and TiO, surfaces (Table 3). Although
the percentage death on the PMP1,, substrata was
surprisingly high, overall cell adhesion was much lower
than on the PMPI-AMP substrata. Therefore, the
total number of FITC-stained bacteria on the active
surface was >10x greater than on the PMPI,
surfaces. The percentage of FITC-stained bacteria on
the PMP1-C substrata was low and comparable with
the control TiO, substrata, indicating no ABT effects
from this peptoid. Although ABT activity was
only demonstrated for E. coli, similar results
would be expected for B. subtilis, S. epidermidis and
P. aeruginosa, based on the MIC values determined for
the ampetoids in solution (Table 1).

AF properties of substrata-mammalian cells

To further assess the AF properties of these substrata,
a short-term fibroblast adhesion assay was conducted,
the results of which are shown in Figure 4. Although
the total projected area of adherent cells was greater on
the polymer-modified surfaces containing the ampe-
toids than on the PMPI1,, substrata, all modified
substrata had a significant reduction (p < 0.05) in cell
adhesion compared with the bare TiO, substrata. The
adherent cells appeared to be less spread on the
ampetoid surfaces than on the bare TiO, substrata,
suggesting that, although the fibroblasts may be able to

80000

= 50000 -

40000 ~

20000 A

Total Projected Cellular Area

Tibz PMIP11D PMP1-AMP  PMP1-C
Figure 4. Total projected cellular area for 4 h 3T3
fibroblast adhesion assay on bare TiO, and modified TiO,
substrata.

weakly attach, they are not capable of spreading on the
surface. These fibroblast adhesion results are consis-
tent with the relative levels of serum protein adsorption
(Table 4), suggesting that the modestly higher cell
adhesion on the ampetoid-containing surfaces can be
explained by the higher adsorbed protein on these
surfaces.

Conclusions

In summary, peptoids are promising alternatives to
conventional AMBs because of their stability, ease of
synthesis and low cytotoxicity. The results shown here
suggest that peptoid mimics of AMB peptides can be
immobilised onto surfaces, rendering these surfaces
capable of compromising the membranes of attached
bacteria. The ABT activity of the ampetoids was
initially demonstrated in solution-based assays, and
subsequently shown for E coli when immobilised onto
surfaces. Substrata modified with PMP1-AMP exhib-
ited increased bacterial adhesion, and a significant
percentage of the adherent bacteria had compromised
membranes, indicating that the surface-immobilised
ampetoids were capable of interacting with the bacteria.
By modifying the surfaces with both the ampetoids and
PMP1,, the passive resistance to protein and mamma-
lian cell fouling was improved compared with bare
TiO,, although maintaining sufficient ampetoid con-
centration for ABT activity. It remains to be seen
whether the benefits of having an active ABT compo-
nent on the surface may outweigh the disadvantages of
slightly increased bacterial adhesion. More detailed
future studies involving fine-tuning the ratio of ad-
sorbed passive and active components, or the composi-
tion of the active component, may reveal a surface
composition that combines even greater resistance to
protein and bacterial adhesion with an ABT effect. For
some medical device applications, more sophisticated
designs incorporating hydrolytic or enzymatic cleavage
sites within the PMP1-AMP backbone might allow for
cleavage of the ABT domain from the coating once the
risk of post-operative infection had passed, leaving
behind a protein and cell resistant PMP1 coating.
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