
Journal of
Materials Chemistry B

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

14
. D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 9

:4
3:

12
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
aSchool of Chemical and Biomedical Engine

62 Nanyang Drive, 637459 Singapore
bDepartment of Microbiology, Yong Loo Lin S

Singapore, 5 Science Drive 2, 117545 Singa
cSchool of Materials Science and Engineerin

Nanyang Drive, 637553 Singapore
dDepartment of Medicine, Yong Loo Lin Sc

Singapore, 1E Kent Ridge Road, 119228 Sin
eDepartment of Biochemistry, Yong Loo Lin S

Singapore, 8 Medical Drive, 117597

SingaporeTech.edu.sg; bchslsj@nus.edu.sg;
fSingapore Institute of Technology, 10 Dover

† Electronic supplementary informa
10.1039/c3tb21300e

‡ Equal contribution.

Cite this: J. Mater. Chem. B, 2014, 2,
1706

Received 20th September 2013
Accepted 11th January 2014

DOI: 10.1039/c3tb21300e

www.rsc.org/MaterialsB

1706 | J. Mater. Chem. B, 2014, 2, 1706
Site specific immobilization of a potent
antimicrobial peptide onto silicone catheters:
evaluation against urinary tract infection
pathogens†

Biswajit Mishra,‡a Anindya Basu,‡a Ray Rong Yuan Chua,b Rathi Saravanan,c

Paul Anantharajah Tambyah,d Bow Ho,b Matthew Wook Change

and Susanna Su Jan Leong*ef

Bacterial colonization of urinary catheters is a common problem leading to Catheter Associated Urinary

Tract Infections (CAUTIs) in patients, which result in high treatment costs and associated complications.

Due to the advantages of antimicrobial peptides (AMPs) compared to most other antimicrobial

molecules, an increasing number of AMP-coated surfaces is being developed but their efficacy is

hindered by suboptimal coating methods and loss of peptide activity upon surface tethering. This study

aims to address this issue by employing a methodic approach that combines a simple selective chemical

immobilization platform developed on a silicone catheter with the choice of a potent AMP, Lasioglossin-

III (Lasio-III), to allow site specific immobilization of Lasio-III at an effective surface concentration. The

Lasio-III peptide was chemically modified at the N-terminal with a cysteine residue to facilitate cysteine-

directed immobilization of the peptide onto a commercial silicone catheter surface via a combination of

an allyl glycidyl ether (AGE) brush and polyethylene glycol (PEG) based chemical coupling. The amount

of immobilized peptide was determined to be 6.59 � 0.89 mg cm�2 by Sulfo-SDTB assay. The AMP-

coated catheter showed good antimicrobial activity against both Gram positive and negative bacteria.

The antimicrobial properties of the AMP-coated catheter were sustained for at least 4 days post-

incubation in a physiologically relevant environment and artificial urine and prevented the biofilm growth

of E. coli and E. faecalis. Adenosine tri-phosphate leakage and propidium iodide fluorescence studies

further confirmed the membranolytic mode of action of the immobilized peptide. To the best of our

knowledge, this is the first proof-of-concept study that reports the efficacy of AMP immobilization by

sulfhydryl coupling on a real catheter surface.
Introduction

Bacterial colonization and biolm formation in body implanted
devices are of grave concern for modern society1 mainly due to
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the associated risks of infection culminating in high treatment
costs, longer hospital stays and development of drug resistance.2,3

Microbial colonization on dental, heart valve and bone
implants4–6 as well as catheters7–12 is now a common occurrence.
To circumvent such complications, scientists have adopted
several strategies to design antimicrobial biomaterials. These
strategies can be broadly categorized as: (a) surfaces that repel
adsorption of proteins and bacteria13,14 and (b) surfaces that are
conjugated with antimicrobial materials to incur cell death.15

However, these strategies have several drawbacks including
insufficient surface antimicrobial concentration due to the low
affinity of the biomaterials towards antimicrobial compounds
such as antibiotics, unspecic chemical reaction methods for
conjugation, a narrow activity spectrum and surface cytotox-
icity.16–19 Additionally, the use of antibiotics can lead to the
development of multidrug resistant (MDR) strains in common
pathogens, thereby necessitating the development of better
alternatives.
This journal is © The Royal Society of Chemistry 2014
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Antimicrobial peptides (AMPs) have shown immense
potential as antimicrobial agents mainly because of their broad
activity spectrum and ability to reduce the pace of microbial
tolerance development.20–23 In recent years, they have been
explored as coating candidates for developing antimicrobial
biomaterials.16,25,26 Several AMPs have been coated successfully
on a variety of substrates which include contact lenses, glass,
titanium oxide, silicone, resin beads, and silicon surfaces.16,27–31

Nevertheless, the coating of AMPs is still challenged by subop-
timal coating strategies leading to inadequate surface concen-
trations, tedious chemical reactions, loss of antimicrobial
activities with non-specic immobilization chemistry culmi-
nating in changed orientations of the peptide molecules and/or
associated host cell toxicities.16,32 Another recent strategy
involves controlled release of the AMP molecules from reservoir
surfaces. However, in contrast to covalent peptide immobiliza-
tion, the controlled release of peptides is oen challenged by
the high peptide concentration required to incur signicant
killing in each release, and the need for this to be sustained for
a reasonable period of time.33,34

To address these problems, there is an ardent need for a
combination of an efficient AMP candidate and an effective
surface tethering strategy that would impart the desired anti-
microbial characteristics on the targeted biomaterial. This
study reports the development of the rst AMP-coated silicone
catheter prototype that shows good antimicrobial characteris-
tics under physiological conditions.

The antimicrobial potential of immobilized Lasioglossin-III
(Lasio-III) was previously demonstrated on silicon wafers.31 Like
other salt tolerant AMPs,35,36 Lasio-III was also found to be active
at physiologically relevant salt concentrations and possesses a
high cell selectivity index (CI), which merits its use as a coating
candidate. Subsequently, in a separate study,32 an allyl glycidyl
ether (AGE) brush chemistry platform was also developed by our
group, which allowed another AMP candidate, polybia-MPI, to be
immobilized at a high surface concentration. Synergizing these
outcomes to develop an effective AMP-coated catheter prototype,
this work reports site directed immobilization of an N-terminus
cysteine-modied Lasio-III using a PEG spacer coupled to an AGE
brush onto a commercial silicone Foley catheter surface. The
combination of AGE and PEG was aimed at improving both the
anti-adsorption and antimicrobial properties of the surface. The
effect of N- and C-terminal cysteine modication of the Lasio-III
peptide on the site directed immobilization strategy via suly-
dryl chemistry was also studied.

The performance of the AMP-coated catheter was deter-
mined by studying the antimicrobial activity of the catheter
against Escherichia coli (Gram-negative bacteria) and Entero-
coccus faecalis (Gram-positive bacteria), which are prevalent in
urinary tract infections.37 Anti-biolm and other in vitro prop-
erties of the peptide-immobilized catheter were also
investigated.

Materials and methods

Chemically synthesized peptides were obtained from GL Bio-
chem, Shanghai, China at a purity of >90%. All other chemicals
This journal is © The Royal Society of Chemistry 2014
were obtained from Sigma Aldrich, unless specied otherwise.
Bacterial strains used in this study were Escherichia coli
(ATCC8739), Pseudomonas aeruginosa (ATCC9027), Staphylo-
coccus aureus (ATCC6538) and Enterococcus faecalis
(ATCC29212).
Antimicrobial activity and mechanistic investigations of
Lasio-III in solution form

The antimicrobial activity of soluble Lasio-III was studied by
determining the minimal inhibitory concentration (MIC),
minimal haemolysis concentration (MHC), and outer
membrane permeabilization (NPN dye uptake) of the
peptide. Structural studies were performed by circular
dichroism (CD) spectroscopy and isothermal titration calo-
rimetry (ITC) according to previously reported methods.31

ITC methods are detailed in the ESI (Materials and methods
section).†
Circular dichroism (CD) spectroscopy

The secondary structure of Lasio-III variants in the presence
and absence of SDS (sodium dodecyl sulphate) and DPC
(dodecylphosphocholine) lipid micelles and triuoroethanol
(TFE) was determined using a Chirascan™ Circular
Dichroism Spectrometer (Applied Photophysics Limited,
U.K.). Peptide concentrations for CD studies were xed at 100
mg mL�1 in 10 mM phosphate buffer (pH 7.2). The nal
concentration of the lipid micelles was 10 mM. The spectra of
peptide solutions contained in a 0.01 cm path length quartz
cuvette (Hellma) were recorded at 25 �C from 190 to 240 nm
using a bandwidth of 1 nm and averaged over three scans.
Data were collected over a step size of 0.5 and a time constant
of 0.5 s. Baseline scans were obtained using the same
parameters for samples containing buffer, micelles and
vesicles only, and were subtracted from the respective data
scans with peptides.
Immobilization of CysLasio-III on silicone catheter surface

Silicone Foley catheters (123616A, BARD) were purchased from
National University Hospital Singapore, which comprised a 2
way silicone elastomer coat. The catheters were cut into 0.5 �
1.0 cm2 rectangular pieces and treated with argon plasma for
5 min (March PX-500TM) at 300 W power. The surfaces were
then incubated with allyl glycidyl ether (AGE) for 60 min under
UV light to allow self-polymerization and brush formation on
the silicone surfaces. The AGE-functionalized catheter
surfaces were washed thoroughly with ethanol and reacted
with ethylene-diamine for 18 h at room temperature (RT).
Following this, the catheters were washed with DMF (dimethyl
formamide) and further reacted with 0.5 mg mL�1 NHS–
PEG12–maleimide in DMF for 4 h at RT. Aer washing with
DMF and PBS (pH 7.3), the catheter samples were treated with
0.5 mg mL�1 CysLasio-III in PBS (pH 7.3) for 3 h at RT.
Unbound peptides were removed by thorough rinsing with DI
water. The detailed scheme of the reaction is illustrated in
Fig. 1.
J. Mater. Chem. B, 2014, 2, 1706–1716 | 1707
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Fig. 1 Overall reaction scheme employed for immobilization of CysLasio-III onto the silicone catheter surface.
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Surface characterization of CysLasio-III-immobilized catheter

The AGE- and peptide-functionalized silicone surfaces were
air dried using a stream of nitrogen and characterized by X-
ray photoelectron spectroscopy (XPS) and attenuated total
reectance-infrared (ATR-IR) spectroscopy.
X-ray photoelectron spectroscopy (XPS)

Elemental analysis for the determination of successive
reaction steps on the silicone surface was performed using
an X-ray photoelectron spectrometer (Axis-ULTRA, Kratos)
equipped with an Al Ka source operating at a power of 10 mA,
15 kV. Elements were identied from the survey spectra.
High resolution spectra of carbon, nitrogen, oxygen and
sulphur were recorded individually for elemental ratio
comparisons.
Attenuated total reectance-infrared (ATR-IR) spectroscopy

The successful graing of CysLasio-III onto the catheter
surfaces was veried by the presence of signature bonds by
ATR-IR. The spectrum was recorded from 650 cm�1 to 4000
cm�1 by performing more than 32 scans with a Varian 3100
FTIR instrument equipped with a Diamond tip-ATR accessory
unit.
1708 | J. Mater. Chem. B, 2014, 2, 1706–1716
Measurement of surface peptide concentration using
sulfosuccinimidyl-4-o-(4,4-dimethoxytrityl) butyrate (Sulfo-
STDB)

A simple spectrophotometric assay was conducted to measure the
surface peptide concentration. This method uses the high
extinction coefficient value of a complex ion formed by the reac-
tion of the surface amino groups and Sulfo-SDTB. The immobi-
lized peptide concentration was determined using the supplier's
instructions (Bioworld, USA). Briey, 3.0 mg mL�1 of Sulfo-SDTB
solution was prepared in DMF and then made up to 50.0 mL with
50 mM sodium bicarbonate solution (pH 8.5). 1.0 mL Sulfo-SDTB
solution was added to the coated catheter samples and incubated
for 1 h at RT. The samples were then washed twice with 5.0 mL of
distilled water to remove any unreacted reactant, and immersed in
2.0mL of perchloric acid for 30min. Finally, the absorbance at 498
nm was measured to detect the 4,40-dimethoxytrityl cation (DMTr
cation). The number of amine groups on the surface of each
sample was quantied using the Beer–Lambert law with an
extinction coefficient of 70 000M�1 cm�1. The amount of peptides
immobilized was calculated by calibrating with the predicted
number of amines present in the peptide.28
Anti-bacterial assay of CysLasio-III-immobilized catheters

Anti-bacterial activity of the immobilized catheter samples was
investigated according to the previously published ISO 22196
This journal is © The Royal Society of Chemistry 2014
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protocol with minor modications.31,38 In short, mid-exponen-
tial phase bacterial cells were adjusted to 105 CFU mL�1 in LB
medium. 20 mL of the cell suspension was added to each well of
a six-well culture plate which contained coated catheter samples
to allow the inocula to surround the peptide-tethered surface.
The plates were incubated at 37 �C for 2 h, followed by washing
with 2 mL of fresh LB broth. The viable cells in solution were
then serially diluted and 20 mL aliquots were spread on LB agar
plates for CFU determination aer 16 h incubation. Catheters
coated with NHS–PEG12–Mal moieties only served as the control
surfaces.

Anti-biolm activity of peptide immobilized catheters

Quantitative evaluation by biolms by XTT [2,3-bis(2-meth-
yloxy-4-nitro-5-sulfophenyl)-2H-tertazolium-5-carboxanilide]
assay. Biolm growth was performed on a 0.5 cm2 catheter
sample placed inside at-bottomed polystyrene plates (Corning
Inc. #3799) using a reported protocol39 with slight modica-
tions. Briey, E. coli cells grown to the logarithmic phase were
diluted to 105 CFU mL�1 in LB medium and 1.5 mL of this
solution was further incubated with the catheter sample. Each
sample was replicated for six wells (n ¼ 6). Plates were incu-
bated for 24 h at 37 �C and analyzed for biolm formation using
the XTT assay according to the manufacturer's instructions
(Sigma Aldrich, USA). Bacterial cells in the catheter without any
peptide tethered served as the positive control, while uninocu-
lated catheters were treated as the negative control.

Live/dead biolm staining

Aer biolm growth, the planktonic cells were removed by
washing 3 times with neutral PBS buffer. They were stained
with a LIVE/DEAD kit (Invitrogen Molecular Probes, USA)
according to the manufacturer's instructions. The samples
were examined with a confocal microscope (Olympus FV1000).
For detection of SYTO 9 (green channel), the excitation wave-
length was set at 488 nm. For PI detection (red channel), an
excitation wavelength of 561 nm was utilized. Images at both
excitation wavelengths were captured and processed using
FV10-ASW viewer soware.

Immersion-based killing assay on immobilized CysLasio-III
on catheter surface

Fresh E. coli cultures were prepared in LB medium to obtain
OD600 � 0.5. The nal bacterial concentration of 1 � 106 CFU
mL�1 was obtained by suitable dilution. 1 mL of this diluted
bacterial culture was incubated overnight with the CysLasio-III-
tethered catheter samples (0.5 cm2) at 37 �C. Uncoated catheter
samples were used as the positive control and uninoculated
media as the negative control. Growth inhibitions were deter-
mined using OD600 measurements.

Propidium iodide (PI) based membrane permeabilization
assay of immobilized catheters

Overnight E. coli cultures were sub-cultured in fresh MH
medium and grown to the mid-log phase (OD600 � 0.5). Cells
This journal is © The Royal Society of Chemistry 2014
were then harvested by centrifugation (10000 � g, 5 min) and
washed thrice with fresh 10 mM PBS (pH 7.3) to obtain a nal
cell concentration of 108 CFU mL�1. 600 mL of this bacterial
suspension containing 6 mM PI was incubated with the CysLa-
sio-III-immobilized catheter (0.5 cm2) samples for 1 h at 37 �C.
The uncoated catheters were used as the negative control
(considered 0% killed) and an equal volume of dead cells killed
by 70% ethanol was used as the positive control (considered
100% killed). 100 mL of the solution was then transferred into
fresh 96 well plates for detection of PI uorescence caused by
intercalation of the dye into the DNA of dead cells. The corre-
sponding signals were monitored using a multi-mode micro-
plate reader (Synergy HT, BioTek Instruments, U.S.A.) at
excitation and emission wavelengths of 485 � 20 nm and 600 �
20 nm, respectively. The mean values for three triplicates were
reported.

Immobilized CysLasio-III stability testing by adenosine
triphosphate (ATP) leakage assay

To investigate the stability of the immobilized peptides, the
catheter surfaces were incubated in PBS and Surine (synthetic
urine) (obtained from Dyna Tek, USA) for four days. At least six
catheter samples of 0.5 cm2 silicone surface were incubated
with 3 mL PBS or Surine in a sterile 12 well culture plate and
kept at RT inside a biosafety cabinet. Stability of the coated
surfaces was evaluated by measuring the peptide's capability to
cause ATP leakage in bacterial cells.

CysLasio-III-immobilized catheters in PBS and Surine were
treated with 50 mL of 105 CFU mL�1 of logarithmic phase E.
Coli cells in PBS buffer. The cells were incubated for 30 min at
37 �C following which ATP leakage was quantied using the
BacTiter-Glo kit (Promega) by measuring sample lumines-
cence using a luminometer (Modulus Fluorometer 9200-000,
Turner BioSystems, U.S.A.). PEG-coated catheters were used as
the negative control while ATP leakage from bacteria treated
with 1� MIC of the soluble peptide served as the positive
control.

Biocompatibility assay

Evaluation using human red blood cells following haemol-
ysis. The cytotoxicity of the immobilized catheter samples
towards human red blood cells (hRBCs) was tested by incu-
bating CysLasio-III-immobilized catheters with hRBCs (refer to
the ESI†).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. THP-1 cells (1 � 106 cells) were incubated in
the presence of catheters (PEG-coated or PEG–CysLasio-III
coated) and without catheters (control) in a nal volume of
500 mL culture medium, at 37 �C for 1 h, with mixing at 15
min intervals. 20 mL of cell suspension were then aspirated
and examined by the trypan blue exclusion test under a light
microscope.40–42 Catheters were removed and the MTT
reagent was added to a nal concentration of 0.5 mg mL�1 to
cell suspensions, followed by 1 h incubation at 37 �C for 1 h,
with mixing at 15 min intervals. The cells were lysed by
adding 500 mL of DMSO and incubated for 30 min at room
J. Mater. Chem. B, 2014, 2, 1706–1716 | 1709
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temperature with regular mixing. Subsequently, acetic acid
was added to a nal concentration of 30% v/v, and incubated
for 15 min with regular mixing to ensure complete solubili-
zation of the formazan salt. Light absorbance of the solubi-
lized formazan salt at 570 nm was measured using an ELISA
reader (Synergy HT, BioTek Instruments, U.S.A.). Parallel
treatment of cells with 0.1% Triton-X-100 was carried out as
total lysis control.

Results and discussion
Feasibility study of cysteine-modied Lasio-III for tethering
applications

The choice of AMPs for immobilization applications should be
governed by their killing mechanisms, where membrane-
interacting peptides are hypothesized to be more effective
compared to their ‘internal target’-interacting counter-
parts.23,24 For the latter class of peptides, the tethered peptide
has to traverse across the whole cell membrane to reach
cytoplasmic and nuclear targets, which could easily lead to
non-specic binding and increase the peptide's minimum
inhibitory concentration. Lasio-III was chosen as a peptide
candidate for this study because of its potency and membrane
targeting properties.31 A site specic sulydryl coupling
reaction was employed to achieve unidirectional peptide
immobilization.28–31 Cysteines were added to either the N or C-
terminal of the peptide, and the cysteine-modied peptides
are known as CysLasio-III and Lasio-IIICys, respectively. The
antimicrobial activity of CysLasio-III and Lasio-IIICys toward
CAUTI relevant pathogens including E. coli, S. aureus, P. aer-
uginosa and E. faecalis was investigated (Table 1). The high
antimicrobial potency of CysLasio-III, indicated by its sub-
micromolar MIC, was comparable to that of the wild type
peptide while Lasio-IIICys demonstrated a decrease in anti-
microbial activity.

Incorporation of the cysteine residue increases the
hydrophobicity of Lasio-III from 53% to 56% (calculated from
the antimicrobial peptide database),21 leading to its
increased haemolytic activity (Table 1). The increased hae-
molytic tendency observed for CysLasio-III is in agreement
with that reported in previous studies, where the increased
hydrophobicity in peptides is well correlated with enhanced
haemolytic activity.44 A series of peptide variants which were
engineered based on DFTamp1 and Temporin-PTa templates
Table 1 Antimicrobial activity and cell selectivity index of Lasio-III
cysteine variants against different bacteria

Bacterial strains

MIC of the peptide (mM)

CIaLasio-III31 CysLasio-III Lasio-IIICys

E. coli 1.75 1.75 1.75 40.34
S. aureus 1.75 1.75 7.0 40.34
P. aeruginosa 3.5 7.0 14 10.08
E. faecalis ND 0.9 ND 78.44

a The cell selectivity index of CysLasio-III(CI) was calculated using the
formula CI ¼ 2 � MHC50/MIC,43 where the MHC value of CysLasio-III
was found to be 35.3 mM; ND: not determined.

1710 | J. Mater. Chem. B, 2014, 2, 1706–1716
showed increased cell selectivity index with decreasing
retention time on a reverse phase HPLC analysis, which
correlates with decreasing peptide hydrophobicity.43,44

Despite an increased haemolytic tendency, the low MIC value
of CysLasio-III contributes to the peptide's high CI value,
which is a measure of the peptide's high selectivity toward
bacterial cells.2,31,43

As it is desirable for the immobilized peptide to possess
membranolytic property, the peptide's ability to permeabilize
the bacterial outer membranes by the NPN dye uptake assay
was also investigated. The NPN dye molecules are hydro-
phobic and do not uoresce in a hydrophilic environment.
However they generate strong uorescence signals upon
entering a hydrophobic milieu like the outer bacterial
membrane.45 Intact bacterial cells do not absorb the dye but if
the peptide interacts with their outer membrane, it creates a
passage for the NPN molecules to enter and uoresce. Fig. 2A
shows clear evidence of the interaction of NPN with the outer
membrane. The enhanced uorescence observed with the
system containing the peptide and bacterial cells (relative to
that obtained from polymyxin-B treated cells) clearly indi-
cates outer membrane–peptide interactions. Amongst all the
peptides, CysLasio-III showed the highest uorescence
reading indicating its higher efficiency in membrane
binding.

The CD spectra of the peptides in the presence of negatively
charged SDS (Fig. 2B) and zwitterionic DPC (Fig. 2C) micelles
were also recorded. A clear dip in the CD spectrum was
observed at 208 and 222 nm for all the three peptides, and it is
most evident in CysLasio-III, indicating helicity development
when in contact with the membrane mimicking lipid models
(Fig. 2B and C) and tri-uoro ethanol (TFE) (ESI Table S1 and
Fig. S1†).

Additionally, the binding affinity of the peptides with DPC
micelles was also quantitated under isothermal conditions.
Fig. 2D shows the thermodynamic prole of the incubation of
DPC with CysLasio-III in the upper panel and the corresponding
tted curve below. The peptide–DPC micelle interaction was
characterized as an exothermic reaction with a binding constant
Ka of 16.0 � 107 M�1. The enthalpy change, DH, of the reaction
was determined to be �10.93 kcal mol�1. For all the three
peptides, the results are in close agreement with the structure
and binding behavior reported for other bee venom peptides
like melittin,31,46 but the binding potential of CysLasio-III was
found to be the highest (Table 2). Our data suggest that in
contrast to the C-terminal modied peptide, N-terminal addi-
tion of cysteine increases the membrane binding potential of
Lasio-III. As Lasio-III is naturally amidated at the C-terminal, it
is plausible that the substitution of C-terminal amidation with
cysteine modication may have perturbed the structural stabi-
lization of the peptide via hydrogen bonding of the amide group
with some other internal main chain residues.44 This possible
loss of structural stability may contribute towards lowering the
inherent membrane binding properties of native Lasio-III.
CysLasio-III retained all the desired characteristics of the parent
peptide and was used for site directed immobilization studies
on silicone catheters.
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 In vitro characterization of the mechanisms of action of soluble Lasio-III31 and cysteine-modified variants. (A) Outer membrane per-
meabilization is shown by the uptake of the NPN dye at 410 nm, with the results expressed relative to polymyxin-B. (B) CD spectra of the peptide
samples interacting with negatively charged SDS and (C) zwitterionic DPC micelles. (D) ITC profile obtained from the interaction of CysLasio-III
with DPCmicelles. The interaction-profile with DPCmicelles is presented in the upper panel while the curve fitting is shown in the bottom panel.
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Development of a peptide immobilization platform on
silicone catheters

A CysLasio-III immobilization platform was next developed on
silicone catheter surfaces. The two pre-requisites set for peptide
immobilization were the need for (i) the immobilized peptides
to freely interact with the bacterial membranes and (ii) the
catheter surface to have anti-adhesive properties to inhibit
bacterial adsorption. An AGE brush layer was attached on the
catheter surface, which was coupled to a bifunctional PEG
Table 2 ITC comparison of Lasio-III peptide variants

Peptide Ka (M
�1)

DH
(kcal mol�1)

DG
(kcal mol�1)

TDS
(kcal mol�1)

Lasio-III31 13.8 � 107 �10.8 �9.52 �1.28
CysLasio-III 16.0 � 107 �10.93 �9.43 �1.5
Lasio-IIICys 2.1 � 107 �12.56 �10.7 �1.86

This journal is © The Royal Society of Chemistry 2014
linker. The polymerized AGE brush is advantageous due to its
amphiphilic properties which contribute to an anti-adhesive
surface. Fig. 1 shows a schematic for the immobilization
chemistry. First, surface-radicals were generated on the Silicone
Foley catheters through argon plasma treatment, which
provides the points of attachment for the AGE molecules. AGE
incubation under UV allows its self-polymerization through a
radical transfer mechanism to form a brush with exposed epoxy
groups. AGE was chosen for this particular step for two main
reasons: rst, the epoxy groups are known to remain stable
under low energy radiation whilst allowing the polymerization
reaction, and second, the number of surface epoxy groups can
be modulated by the AGE concentration as well as the poly-
merization time.32,47 These tethered epoxy groups can react with
primary amines via a ring opening reaction following a SN2

mechanism.
When treated with ethylene diamine, the AGE brush would

be functionalized with free amines along their lengths (Fig. 1).
J. Mater. Chem. B, 2014, 2, 1706–1716 | 1711
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Fig. 3 Characterization of the CysLasio-III-immobilized catheter
surface. (A) N1s spectra obtained from XPS analysis. (a) Catheter-
control, (b) catheter–amine, (c) catheter–PEG12–Mal, and (d)
catheter–CysLasio-III. (B) ATR-IR spectra of catheter-control and
catheter–CysLasio-III.

Table 3 Atomic percentage and ratio of elements obtained from XPS
analysis of different reaction stages during peptide immobilization
onto the silicone catheter surface

Element
Catheter-
control

Catheter–
amine

Catheter–
PEG12–Mal

Catheter–
CysLasio-III

C 1s 47.56 43.34 48.9 49.65
O 1s 23.74 25.83 23.69 23.29
N 1s 0 3.5 1.29 1.82
S 2p 0 0 0 0.37
Si 2p 28.7 27.33 26.12 24.87
C/N 0 12.38 37.90 27.28
C/O 2.00 1.67 2.06 2.13
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The free amine groups were then allowed to react with the N-
hydroxysuccinimide moieties within the PEG12 chain, which
also carries a maleimide moiety at the other end. The mal-
eimide functional group was chosen because it is known to
react specically with free thiol groups of CysLasio-III to form a
thioether linkage.48,49 This tethering strategy therefore allows
site specic coupling of CysLasio-III via the cysteine residue
such that the peptide remains free to interact with the target
pathogens. Furthermore, the AGE brush coupled with the PEG
spacer would also provide ample exibility to the tethered
peptide to retain its activity even in the immobilized form.50

Surface characterization of CysLasio-III-immobilized silicone
catheter

Surface characterization studies were performed on the silicone
catheters at different stages of reaction using XPS and ATR-IR
spectroscopy. Elemental composition analysis of the surface
was done by XPS. Wide range spectra for carbon 1s, nitrogen 1s
and oxygen 1s conrmed the presence of respective elements as
anticipated from the chemical reactions (ESI Fig. S2†). The
atomic concentration of nitrogen was measured to quantita-
tively and qualitatively validate the proceedings of the reaction.
Fig. 3A shows nitrogen 1s peaks for each reaction step. Table 3
shows the variation in the atomic content and the ratios of C/O
and C/N during each stage of reaction. In brief, the control
catheter does not contain any nitrogen but following the
ethylene-diamine reaction, the atomic content of nitrogen
increased to 3.5%. Subsequent reaction with NHS–PEG12–Mal
reduced the atomic content of nitrogen to 1.29%, which was
expected due to the addition of carbon and oxygen atoms, and
following the peptide coupling reaction the nitrogen content
increased up to 1.82% coupled with detected sulfur. The
observed trend for nitrogen 1s at 400 eV veries the successful
proceedings of the reaction at each stage. The individual
elemental ratios shown in Table 3 also support these results.

Furthermore, ATR-IR spectrometry was employed to assess
the incorporation of specic functional groups onto the silicone
surfaces aer each reaction (Fig. 3B). The broad peak observed
at 3100–3600 cm�1 within the spectrum of the CysLasio-III-
immobilized catheter surface corresponds to the presence of
hydroxyl and amine moieties on the silicone surface derived
from the epoxy ring opening reactions and peptide tethering.

For the untreated silicone sample, the strong peak observed
at around 1090 cm�1 is due to the Si–O–Si stretching vibrations
which presumably masked the vibrations of the ethereal link-
ages (CH2–O–CH2) expected at around 1100 cm�1 for the
peptide-coated catheter. The peak observed at 1650 cm�1

corresponds to the amide I stretching vibration from the teth-
ered peptides. Additionally, the peak at 1560 cm�1 corresponds
to the amide II band from the immobilized peptide. These
results provide strong evidence of the successful immobiliza-
tion of CysLasio-III onto the silicone surface.

Determination of tethered surface peptide concentration

Several strategies have been employed to quantitatively estimate
the peptide concentration on different surfaces51 including
1712 | J. Mater. Chem. B, 2014, 2, 1706–1716
ellipsometry, which was employed in our previous study to
determine the peptide concentration on silicon surfaces.31,32

However, the use of such sophisticated physical techniques for
determining surface peptide concentrations on so polymeric
materials including silicone remains challenged by their
inability to reect light. Additionally, the choice of analytical
reagents also depends on the chemistry of the surface. In this
study, an efficient and simple chemical method was employed
This journal is © The Royal Society of Chemistry 2014
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to quantify the surface immobilized peptides based on the
number of peptide-derived free amine groups.52 The Sulfo-SDTB
reagent specically reacts with free amine groups to produce
stoichiometric amounts of a chromophore, 4,40-dimethoxytrityl
cation (DMTr ion), which shows a strong absorbance at 498 nm
and possesses an extinction coefficient of 70 000 M�1 cm�1. The
amount of tethered peptides can then be derived using Beer–
Lambert's law. Using this method, the amount of immobilized
CysLasio-III on the silicone catheter surface was estimated to be
6.59 � 0.89 mg cm�2, which is comparable to those reported for
other optimized platforms.25,28,53
Fig. 5 Confocal laser scanning microscopy images of the E. faecalis
biofilm stained by LIVE/DEAD assay. (A) Staining of the catheter–
PEG12–Mal control with SYTO-9 and (B) propidium iodide. (C) Staining
of catheter–CysLasio-III with SYTO-9 and (D) propidium iodide.
Bioactivity determination of the catheter-immobilized
CysLasio-III

In majority of cases, CAUTIs are initiated by the adherence of
planktonic bacterial cells onto the biomaterial surface with
subsequent progressive colonization and biolm formation.54 It
is therefore important for our peptide-immobilized catheter to
possess both bactericidal and anti-biolm properties. The
CysLasio-III-immobilized catheters possessed excellent antimi-
crobial properties toward E. coli and E. faecalis, resulting in
2 log reduction kill of cells upon incubation (see ESI Table S2†).
Anti-biolm properties of the CysLasio-III-immobilized catheter
were also assessed using XTT assay. Fig. 4 shows that the
peptide-immobilized surface possessed signicant anti-biolm
properties. A reduction of 60% and 40% biolm was observed
for E. faecalis and E. coli, respectively.

Fig. 5 shows the confocal microscopy images of the peptide-
immobilized and PEG-functionalized catheters post-staining
with the LIVE/DEAD kit. A high contrast of the green uorescent
colour obtained with PEG-coated control samples relative to the
CysLasio-III-coated catheter is a clear indication of the high
number of live cells present on the PEG-coated catheter surface
compared to the peptide-coated catheter. The high contrast PI
staining in CysLasio-III-coated catheters is evident of dead cells
present on the surface of the peptide-immobilized catheters.
Ongoing studies are underway to explore surface cleaning
Fig. 4 Anti-biofilm activity of CysLasio-III-immobilized catheters.
0.5 cm2 area of the immobilized catheter surface was used for anti-
biofilm activity determination. The controls (reaction on the catheters
carried up to spacer attachment and devoid of any peptides) were
considered to support 100% biofilm growth.31,32,39

This journal is © The Royal Society of Chemistry 2014
strategies to prevent multi-layer adsorption of dead cells onto
the catheter surface.

The antimicrobial properties of the CysLasio-III-immobi-
lized catheters were also investigated by an immersion based
killing assay. 1 mL of 1 � 106 CFU mL�1 E. coli suspension was
incubated with each peptide-immobilized catheter sample
(0.5 cm2) overnight at 37 �C. Fig. 6A shows the cell growth
density aer 18 h of incubation. The observed OD600 was
comparable to that of the uninoculated media, which suggests
Fig. 6 (A) Immersion-based killing assay of the catheter–CysLasio-III,
and (B) membrane permeabilization determination by PI intercalation
against E. coli. The negative control comprised catheters functional-
ized with PEG spacers only while the positive control comprised non-
viable cells incubated with 70% ethanol.

J. Mater. Chem. B, 2014, 2, 1706–1716 | 1713
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that all the viable cells initially present in the peptide-coated
catheters were killed. Additionally, a PI uorescence assay was
also employed to determine the extent of peptide-induced
membrane permeabilization.

When the cell membrane is perturbed, the uorescent dye
enters the cells and intercalates with the DNA to exhibit uo-
rescence. Fig. 6B shows the PI uorescence generated by the E.
coli cells upon incubation with the CysLasio-III-immobilized
catheters. The uorescence intensity generated by the peptide-
immobilized catheter sample is comparable to that of the
positive control containing non-viable cells, which were killed
using 70% ethanol, thereby providing clear evidence of
membrane permeabilization.
Fig. 8 Biocompatibility assays of catheter–CysLasio-III coupled with
positive and negative controls. (A) The haemolysis potential of cath-
eter–CysLasio-III with 5% v/v hRBCs. The solution control contained
the equivalent amount of soluble CysLasio-III peptide. (B) MTT assay
against the THP-1 cell line.
Stability and biocompatibility of CysLasio-III-immobilized
catheters

An important pre-requisite for AMP-coated catheters is the
stability of the immobilized peptides. Since the urinary cathe-
ters will be impregnated in the urinary tract, the stability of
catheter–CysLasio-III in articial urine (Surine) was also
tested.32 Fig. 7 shows the ATP leakage capability of the peptide-
immobilized catheters toward E. coli cells in PBS and Surine
environments aer 4 days. Both PBS and Surine-incubated
samples caused ATP leakage from the bacterial cells. However,
the ATP leakage seems to be reduced with Surine, probably due
to charge shielding effects incurred by the relatively high salt
and ionic environment. Our results show that catheter–CysLa-
sio-III can retain antimicrobial activity up to 4 days under
physiological conditions but the stability can be compromised
by salts and ions. Moreover, the ATP leakage assay further
conrms the membranolytic mechanism of action of the
immobilized catheters.

The biocompatibility of catheter–CysLasio-III was assessed
by determining its haemolysis tendencies toward human red
blood cells. Fig. 8A shows the interaction of the immobilized
peptides with 5% v/v of hRBCs. The peptide-immobilized
catheters showed 30% haemolysis which was nearly two fold
less than that of the soluble peptide at a xed peptide mass.
This result agrees well with previous ndings, where it has been
Fig. 7 Stability determination of catheter–CysLasio-III. Stability of the
peptide-immobilized catheter surface by measuring ATP leakage after
4 days of incubation in PBS and Surine. The background signal
obtained from the Bactiter reagent is kept as the control.

1714 | J. Mater. Chem. B, 2014, 2, 1706–1716
shown that immobilization of the peptide leads to a reduced
haemolytic effect.32 The MTT assay (Fig. 8B) also suggests
reduced toxicity of both PEG-coated and CysLasio-III coated
catheters towards other mammalian cell lines.
Conclusion

The efficacy of a cysteine-modied Lasioglossin peptide as a
potential antimicrobial coating agent on silicone catheter
surfaces was studied. Soluble CysLasio-III exhibits potent anti-
microbial activity towards CAUTI-relevant pathogens such as E.
coli and E. faecalis. CysLasio-III was successfully immobilized
onto a commercial silicone catheter using a few simple chem-
ical reaction steps. An AGE brush platform was developed to
immobilize CysLasio-III using a PEG spacer and site directed
coupling at the peptide N-terminal. Directional peptide immo-
bilization enabled by sulydryl coupling is benecial to
maintain a specic orientation of the AMP which is likely to
inuence activity.31 Catheter–CysLasio-III demonstrated strong
anti-adhesive properties, as exhibited by the anti-biolm assay.
The antimicrobial activity of the coated catheter showed potent
antimicrobial activity against both E. coli and E. faecalis under
physiologically relevant conditions, which shows its potential to
inhibit bacterial proliferation in the urinary tract. Furthermore,
the catheter stability tests revealed that the immobilized
peptides were active for at least 4 days when submerged in
Surine. The reduced toxicity of the immobilized catheter
This journal is © The Royal Society of Chemistry 2014
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towards RBC and THP-1 cells demonstrates the peptide's good
biocompatibility properties. The PI intercalation and ATP
leakage assays conrmed the membranolytic mode of action of
immobilized CysLasio-III. It has been postulated that immobi-
lized peptides can induce electrostatic imbalance and changes
in Donnan's equilibrium across the cytoplasmic membrane that
may trigger self-death.55 This is the rst proof-of-concept
demonstration of site directed sulydryl immobilization of an
AMP onto a urinary catheter surface that is effective against
CAUTI-relevant pathogens while simultaneously showing good
biocompatibility properties.
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