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Biomaterial-associated infections, in particular, catheter-associated infections (CAI) are a major problem
in clinical practice due to their ability to resist antimicrobial treatment and the host immune system. This
study aimed to co-immobilize the antimicrobial lipopeptide Palm and the enzyme DNase I to introduce
both antimicrobial and anti-adhesive functionalities to polydimethylsiloxane (PDMS) material, using
dopamine chemistry. Surface characterization confirmed the immobilization of both compounds and
no leaching of Palm from the surfaces for up to 5 days. Co-immobilization of both agents resulted in a
bifunctional coating with excellent surface antimicrobial and anti-biofilm properties against both
Staphylococcus aureus and Pseudomonas aeruginosa. The modified surfaces demonstrated superior bio-
compatibility. To better discriminate co-adhesion of both species on modified surfaces, PNA FISH
(Fluorescence in situ hybridization using peptide nucleic acid probes) was employed, and results showed
that P. aeruginosa was the dominant organism, with S. aureus adhering afterwards on P. aeruginosa
agglomerates. Furthermore, Palm immobilization exhibited no propensity to develop bacterial resistance,
as opposite to the immobilization of an antibiotic. The overall results highlighted that co-immobilization
of Palm and DNase I holds great potential to be applied in the development of catheters.

Statement of Significance

Catheter-associated infections (CAI) are the most common hospital-acquired infections worldwide.
Several coating strategies have been proposed to fight these infections but most of them present some
important limitations, including the emergence of resistant bacteria and toxicity concerns. The present
work describes a two-step polydopamine-based surface modification strategy to successfully co-
immobilize an antimicrobial peptide (Palm) and an enzyme targeting an important component of biofilm
matrix (DNase I). This immobilization approach imparted polydimethylsiloxane surfaces with both anti-
adhesive and antimicrobial properties against the adhesion of relevant bacteria as single and dual-
species, with excellent stability and biocompatible and anti-biofilm properties, holding, therefore, great
potential in the development of catheters able to prevent CAI.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Catheter-associated infections are the infections most fre-
quently acquired in a clinical context as a result of the general
use of both urinary and intravascular catheterization [1]. These
infections are often associated to biofilm formation [2,3], a micro-
consortia of surface adhering cells enclosed in a self-produced
polymeric matrix [4], essentially comprised of water, polysaccha-
rides, proteins and extracellular DNA. This extracellular matrix is
greatly responsible for biofilms success as a survival strategy of
microorganisms, since it affords mechanical support, architectural
stability, mediates cell-cell and cell-surface interactions and acts as
a protective barrier [5]. Treatment procedures for patients suffer-
ing from CAI usually involve intravenous and oral antibiotic ther-
apy, in which high doses can be administered for several weeks
or months [6]. Emerging microbial resistance to widely prescribed
antibiotics compromises the success of this approach and, very
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often, the treatment fails, and the only solution for the infected
catheter is its surgical removal, at the expenses of patient suffering
and considerable costs [7].

The development of novel approaches to fight CAI is, thus, in
great demand. As bacterial adhesion plays an important role in bio-
film formation, several surface modifications intended to render
the surfaces with the ability to resist bacterial colonisation have
been proposed, including catheter impregnation with compounds
such as silver or antibiotics [8,9]. There are, however, crucial limi-
tations associated to both strategies, such as the emergence of
multi-drug resistant bacteria and toxicity concerns [10]. Antimi-
crobial peptides (AMP) and enzymes that target biofilm matrix
components have been accepted as promising alternative candi-
dates to impart biomaterial surfaces with antibacterial features
[11–13]. Several approaches have been applied for the immobiliza-
tion of active compounds onto the surfaces of biomaterials includ-
ing covalent chemical conjugation and physical adsorption [14].
There are, however, some limitations associated to them as typical
chemical conjugation methods involve several steps that compli-
cate the conjugation process and may reduce the immobilization
efficiency [15,16]. An alternative approach, which has been attract-
ing considerable interest in the last few years, is the polydopamine
(pDA) coating, which is based on a mussel adhesive protein
that is rich in 3,4-dihydroxyphenylalanine (L-DOPA) and L-lysine
enabling these organisms to tightly attach themselves to wet
surfaces. Messersmith and co-workers have showed that self-
polymerization of dopamine, a molecule that combines both
functionalities of catechol and amine, under oxidative and alkaline
conditions, results in the deposition of a thin adherent polymer
film (pDA) on different types of material surfaces [17]. This pDA
layer can subsequently act as a versatile platform for immobiliza-
tion of active compounds. For example, pDA coating has been used
to immobilize CWR11, a synthetic AMP, onto PDMS as well as onto
a commercial catheter, providing the surfaces with potent antimi-
crobial and anti-biofilm properties, excellent stability and biocom-
patibility properties [18]. Polydopamine coating has also proved to
be a versatile platform for the immobilization of lysostaphin, a
peptidoglycan hydrolase enzyme able to hydrolyse the covalent
bonds in bacterial cell walls, causing their lysis. Enzyme’s immobi-
lization did not compromise its activity yielding surfaces able to
effectively kill S. aureus and prevent biofilm formation [19].

The aim of the current study was to co-immobilize the AMP
Palm and the enzyme DNase I onto PDMS, using dopamine chem-
istry. It was intended to obtain a bi-functional coating combining
both anti-adhesive and antimicrobial properties, with the ability
to prevent biofilm formation, without cytotoxicity or propensity
to develop bacterial resistance.
2. Materials and methods

2.1. Bacterial strains and growth conditions

Staphylococcus aureus GB 2/1 isolated from explanted voice
prostheses at the University Medical Centre of Groningen (The
Netherlands) was used throughout this study as a model strain. A
reference strain of Pseudomonas aeruginosa (ATCC 39324) was also
used to reinforce some experiments. The strains were first streaked
on a tryptic soy agar (TSA, Merck) plate from a frozen stock
solution and grown for 24 h at 37 �C. For each experiment, a few
colonies were collected from the TSA plates and grown overnight
in batches of tryptic soy broth (TSB, Merck) at 37 �C under agitation
(120 rpm). Subsequently, cells were harvested by centrifugation
(9000 g, 5 min, at room temperature) and washed three times
in phosphate buffer saline (PBS, 10 mM potassium phosphate,
150 mM NaCl, pH 7.4). The cellular suspension was adjusted by
optical density (OD) at 640 nm and calibrated by means of colony
forming units (CFU).
2.2. AMP and enzyme

The enzyme DNase I was purchased by AppliChem (Germany)
and the AMP Palm-KGK-NH2 (Palm) was synthesized manually
by solid-phase synthesis method on polystyrene AM-RAM resin,
using Fmoc/tButyl strategy [20]. Coupling was performed with
HOBt/DIPCDI method, the Fmoc protecting group were removed
with 20% piperidine. Crude peptides were cleaved from resin using
a mixture of trifluoroacetic acid (TFA), triisopropylsilane (TIS) and
water as scavengers. The final products were purified by reverse-
phase high performance liquid chromatography (RP-HPLC) in a
mixture of acetonitrile - water with 0.1% TFA as an eluent. Molec-
ular weights of peptides were determined by matrix – assisted
laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF).

2.3. Antimicrobial activity of Palm

The minimal inhibitory (MIC) and bactericidal (MBC) concentra-
tions of Palm were determined by the microdilution method
according to Clinical and Laboratory Standards Institute (formerly
NCCLS) [21]. Briefly, the wells of a sterile 96-well round-bottom
microtiter plates (polystyrene, Orange, USA) were filled with
100 lL of Mueller Hinton Broth (MHB, Merck) with increasing
concentrations of peptide to which were added 100 lL of each
bacterial suspension (adjusted to a final concentration of
5.0 � 105 CFU/mL). The plates were afterwards incubated at 37 �C
for 24 h in an orbital shaker at 120 rpm. In this assay, two controls
were used, one without bacteria as a negative control and one
without peptide as a positive control. The MIC of the planktonic
fraction was obtained by measuring the OD at 640 nm (OD640 nm)
in an automated microtiter plate reader (Sunrise, Tecan), where
clear wells (OD640 nm = negative control) were evidence of bacterial
growth inhibition. MBC determination was performed by adding a
droplet of 10 lL from each well with no visible growth on a TSA
plate. The lowest concentration that yielded no colony growth after
24 h at 37 �C was identified as the MBC. Three independent assays
with six replicates for each condition were performed.

2.4. PDMS preparation

PDMS was prepared by mixing and curing the two-component
kit Sylgard 184 (Dow Corning, USA) according to the manufac-
turer’s instructions. Briefly, base and curing agents provided in
the kit were combined in 10:1 (w/w), cast in a petri dish and kept
at room temperature for 48 h. The cured PDMS was then cut into
circle pieces of 0.9 cm diameter at a thickness of approximately
0.3 cm. Prior utilization, coupons were sonicated in a commercial
detergent (Sonasol, Henkel Ibérica, Portugal) for about 5 min,
rinsed with distilled water for a few minutes, sonicated in metha-
nol for about 20 min, then rinsed with distilled water and air-dried
overnight.

2.5. Polydopamine coating and further functionalization

Coatings were prepared according to a two-step method
previously developed for immobilizing enzyme into magnetic
nanoparticles [22]. Briefly, the first step involved the deposition
of a pDA coating onto PDMS coupons which was performed by
immersing them in 7 mL of a freshly prepared solution of dopa-
mine (Sigma, St. Louis, Missouri; 2 mg/mL dopamine-HCl in
10 mM bicine buffer, pH 8.5) for 18 h at room temperature and
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under agitation (70 rpm). Coupons were then rinsed with ultrapure
water. For further functionalization, pDA-coated coupons were
immersed in a DNase I solution (1 mg/ml in 150 mM NaCl,
10 mM potassium phosphate buffer supplemented with 10 mM
MgCl2, pH 6.8, pDA-DNase I) or in Palm solution (1 mg/mL in
PBS, pH 7.4, pDA-Palm) and were incubated for 6 h, at room
temperature under agitation (70 rpm). Co-immobilization was per-
formed by immersing pDA-coated coupons in a mixture solution
composed of DNase I and Palm (pDA-MIX). The proportion of each
antimicrobial in the mixture solution was optimized and details
can be found in the Supplementary Material (Fig. S1). After peptide
and/or enzyme immobilization, the coupons were rinsed with
ultrapure water.
2.6. Surface characterization

The surface morphology of the materials was analysed by
scanning electron microscopy (SEM). Prior to observation, samples
were sputter coated with gold and observed with an S-360 scan-
ning electron microscope (Leo, Cambridge, MA, USA). SEM imaging
was performed with the following parameters: 15 kV accelerating
voltage, 22 mm stage distance, 500� and 5000� magnification.
The surface morphology and roughness were also evaluated using
atomic force microscopy (AFM). AFM measurements were per-
formed at room temperature using a Multimode with a Nanoscope
III from Digital Instruments (USA) operating in tapping mode. Scan
rates were set at 1 Hz and the scanning area per sample was fixed
at 5 lm � 5 lm. Surface morphology and roughness analysis were
conducted using NanoScope Analysis 1.10 software. Surface wetta-
bility was investigated by measuring static water contact angle of
the PDMS after each deposition step by a sessile drop method using
an automated contact angle measurement apparatus (OCA 15 Plus,
Dataphysics, Germany) that allows image acquisition and data
analysis. Contact angles were measured using 3 lL drops of water.
Three independent assays with three replicates for each condition
were performed.
2.7. Palm immobilization efficiency and stability

To determine the efficiency of Palm immobilization, the super-
natants containing loaded and unattached peptide were collected
in the beginning and in the end of coating process, and quantified
using a fluorescamine (Sigma) assay [23]. Fluorescamine assay was
performed by mixing fluorescamine solution (3 mg/mL in acetone)
and the sample at 1:3 ratio in a 96-black-well plate (Greiner).
Samples were then incubated for 15 min at room temperature, in
the dark and the fluorescence intensity was measured using a
microplate reader (Synergy HT, Biotek). Immobilization efficiency
was represented as the percentage obtained from the ration
between the amount of immobilized peptide and the amount of
loaded peptide. Three independent assays with three replicates
for each condition were performed. To investigate coatings stabil-
ity, namely compounds releasing from the surfaces, the amount of
released peptide from the modified surfaces were measured under
a physiologically relevant condition (in PBS at 37 �C). For that,
500 lL of a fresh PBS solution was added to each well of a
48-well microtiter plate (Orange Scientific, USA) in which PDMS
coupons functionalized with Palm were placed immediately after
peptide immobilization. The coupons were then incubated at
37 �C for 5 days. Every day, supernatant samples (500 lL) were
withdrawn to determine the amount of peptide released. The
remaining peptide on the surface was quantified by subtracting
the released peptide from the total amount of peptide immobilized
at the first day. These experiments were performed twice with
three replicates for each condition tested.
2.8. Bacterial viability on modified PDMS surfaces

Antibacterial performance of the generated surfaces against
bacterial adhesion was evaluated by preparing a bacterial suspen-
sion with 1 � 108 CFU/mL in PBS from an overnight culture at
37 �C. For dual-species adhesion, a combination of 50% of sus-
pended inoculum of each species was used. PDMS coupons were
placed into the wells of a 48-well tissue culture plate (Orange
Scientific, USA) and covered with 300 lL of bacterial suspension.
The samples were kept at 37 �C and 120 rpm for 4 h, as it has been
reported to be enough to achieve a complete initial adhesion to a
surface [24,25]. Samples were then washed with saline solution
(0.9% NaCl), stained with a live/dead stain (BacLight Bacterial
Viability Kit, Invitrogen) and observed in a fluorescent inverted
microscope (Leica, DMI 3000B). In this assay, the red-fluorescent
nuclei acid staining agent propidium iodide, which only penetrates
damaged cell membranes, was used to label dead bacterial cells.
Contrariwise, the SYTO 9 green-fluorescent nucleic acid staining
agent, which is able to penetrate cells whether with intact or com-
promised membranes, was used to label viable cells. At least three
images per coupon (a single image for each fluorescence channel)
were collected and at least 3 coupons were inspected per assay.
ImageJ (Version 1.49 m, Wayne Rasband, National Institutes of
Health, USA) software was used to subtract the image background
and the threshold function was used to render each greyscale
image into a binary translation with distinct areas identifying
adhered bacteria. The threshold value supplied by ImageJ was used
as default. However, if necessary, this value was manually adjusted
so that all the cells could be included within the thresholded range.
The area measurement function was then used to determine the
area of the pixels above the threshold and, in this way, to quantify
the area covered by bacteria discriminating, at the same time, the
fraction of live and dead bacteria, depending on the channel being
analysed. Values were normalized to PDMS control. At least two
independent assays with three replicates for each condition were
performed.

2.9. Localization and distribution of bacterial populations by PNA FISH

In order to assess bacterial spatial organization and the species
distribution on the coated surfaces, PNA FISH (peptide nucleic acid
fluorescence in situ hybridization) method was employed. Before
starting the hybridization, co-adhesion of P. aeruginosa and
S. aureus was allowed to occur for 4 h as previously described.
Coupons were then washed with saline solution and air-dried for
15 min. Bacteria were fixed with methanol (100%) for 20 min. This
fixation step is important to prevent bacterial detachment during
hybridization procedure [26]. Fixed bacteria were stored at 4 �C
for no longer than 48 h before the multiplex PNA FISH procedure.
A specific 16S rRNA PNA probe (Paer565) previously developed
[27] was used for P. aeruginosa detection and S. aureus was
identified by counterstaining the samples with 4, 6-diamidino-2-
phenylindole (DAPI, Sigma) at the end of the hybridization proce-
dure. After bacteria fixation with methanol, 20 lL of 4% (w/v)
paraformaldehyde followed by 50% ethanol (v/v) were applied to
cover the entire surface and incubated for 10 min each and allowed
to air dry. This step enables the fixation of the cells and increase
the permeabilization of the cell membrane to the subsequent
hybridization allowing the labelled oligonucleotide probes to dif-
fuse to their intracellular rRNA target molecules [28]. Afterwards,
20 lL of hybridization solution containing the probe at 200 nM
was applied on coupons which were covered with coverslips and
incubated in the dark for 1 h at 65 �C. After hybridization, coupons
were inserted in a 24-well plate (Orange Scientific, USA) containing
a pre-warmed (at 65 �C) washing solution composed of 5 mM Tris
Base, 15 mM NaCl and 0.1% (v/v) Triton X-100 (Sigma). The plate
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was incubated for 30 min at 65 �C in the dark. Finally, coupons
were allowed to air dry in the dark before counterstaining with
DAPI (40 lg/mL) for 5 min at room temperature in the dark and
cells were visualized under an epifluorescence microscope. For
visualization, a fluorescence microscope (Olympus BX51, Perafita,
Portugal) equipped with the filters sensitive to DAPI (BP 365-370,
FT 400, LP 421) and to the signalling molecule of the PNA probe
(BP 530-550, FT 570, LP 591) were used. Three independent assays
with three replicates were performed.
2.10. Evaluation of biofilm formation by XTT reduction assay

In order to investigate the potential of the modified coatings to
impair biofilm formation, the metabolic activity of biofilm cells
was evaluated using the 2,3-bis (2-methoxy-4-nitro-5-sulfophe
nyl)-2H-tetrazo-lium-5-carboxanilide sodium salt (XTT, Sigma)
colorimetric method as described by Stevens and Olsen [29], with
some modifications. Briefly, a bacterial suspension with
1 � 107 CFU/mL was prepared in TSB and 300 lL of this suspension
were added to a 48-well microtiter plate in which PDMS surfaces
were placed. The plate was incubated for 24 h at 37 �C, at
120 rpm. The coupons were subsequently washed with saline solu-
tion to remove free-floating bacteria and 400 lL of a combined
solution of XTT and phenazine methosulfate (PMS, Sigma) were
added to each well in order to obtain a final concentration of
150 lg/mL of XTT and 10 lg/ml of PMS. The plates were afterwards
incubated at 37 �C for 3 h, at 120 rpm, in the dark. The OD of each
well was measured at 490 nm using a microtiter plate reader
(Tecan, Model Sunrise-basic Tecan, Austria). Two independent
assays with three replicates were performed.

2.11. Susceptibility of adhered cells to modified surfaces

In order to evaluate the susceptibility pattern of bacterial cells
adhered to PDMS surfaces, cells in contact with modified and
unmodified surfaces were recovered and allowed to adhere to
new bare and modified samples during a period of 10 days. Briefly,
a bacterial suspension with 1 � 107 CFU/mL was prepared in TSB
and 300 lL of this suspension were added to a 48-well microtiter
plate (Orange Scientific, USA) in which PDMS coupons were placed.
The plate was incubated for 24 h at 37 �C and 120 rpm. The cou-
pons were subsequently washed 3 times with saline solution to
remove free-floating bacteria and transferred to an eppendorf tube
with 1 mL of TSB. The tubes were then sonicated for 6 min, gently
subjected to vortex for 30 s and 300 lL of this suspension were
added to a 48-well microtiter plate in which new PDMS coupons
were placed. The procedure was repeated for 10 successive days.
The MIC and MBC for each condition tested were determined and
compared. As a control, the antibiotic vancomycin (Sigma) was
immobilized onto PDMS using dopamine chemistry, at the same
concentration as Palm. Experiments were performed in triplicate.

2.12. Cytotoxicity assay

Cytotoxicity tests were performed according to the ISO 10993-
5:2006, using fibroblast cells 3T3 (CCL 163) obtained from ATCC,
commonly used for biomaterial surface biocompatibility studies
[30,31]. Cells were first cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% of fetal bovine serum
and 1% penicillin/streptomycin at 37 �C, 5% CO2. After achieving
the confluence, cells were detached using trypsin and 500 lL of a
cell suspension with 1 � 105 cells/mL were added to each well of
a 48-well microtiter plate in which the PDMS surfaces were previ-
ously inserted. The plates were incubated at 37 �C, 5% CO2 for 48 h.
After that period of time, cytotoxicity was evaluated by the MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium), inner salt reduction assay as a
measure of cellular metabolic viability. All the medium was
removed and a solution containing 100 lL of MTS (Promega
CellTiter 96� AQueous NonRadioactive Cell Proliferation Assay)
per each 1 mL of DMEM without phenol red was added to each
well. After 1 h of incubation in the dark, at 37 �C, 5% CO2, the absor-
bance of the resulting solution was red at OD490 nm. Results were
expressed as percentage of viable cells using the metabolic activity
of cells grown on pDA-coated PDMS as controls.

2.13. Statistical analysis

Results were presented as mean ± standard deviation (SD).
Statistical analysis was performed by Kolmogorov-Smirnov nor-
mality test using Graph Pad Prism 5.0 for Mackintosh. Afterwards,
parametric tests (one way Anova followed by Tukey’s test) or non-
parametric (Kruskal�Wallis test) were implemented, depending
on whether the samples were from normally distributed popula-
tions or not, respectively.
3. Results

3.1. MIC and MBC determination on planktonic cultures

The concentrations of Palm able to inhibit planktonic bacterial
growth (MIC) and those required to kill planktonic bacteria
(MBC) of S. aureus were 32 lg/mL and 64 lg/mL, respectively.
MIC and MBC of Palm against P. aeruginosa were both 64 lg/mL.

3.2. Co-immobilization of DNase I and Palm onto PDMS

Surface modification involved the deposition of a uniform coat-
ing of pDA from a dopamine-HCl solution at a slightly alkaline pH.
The pDA coating was then used as a platform for Palm and/or
DNase I immobilization due to the presence of residual quinones
which present convenient sites for covalent grafting of nucleophilic
groups such as amine and/or thiol functional groups found in both
peptide and enzyme via Michael Addition and/or Shiff reactions, as
well as via physical adsorption. For co-immobilization, a mixture
solution composed of enzyme and AMP at different proportions
were investigated and a proportion of 1:3, respectively, yielded
the best combination of both anti-adhesive and antimicrobial
properties (Fig. S1).

3.3. Surface characterization

Surface morphology of modified PDMS surfaces was character-
ized using SEM analysis. The unmodified PDMS surfaces presented
a smoother morphology compared with the modified ones
(Fig. 1A). Self-polymerized polydopamine particles could be
observed on modified PDMS coupons confirming the pDA coating.
Further functionalization with Palm and/or DNase I yielded sur-
faces with different morphologies, depending on the compound
immobilized. Surfaces functionalized with DNase I present a
rougher surface morphology as compared to the ones with Palm,
which is most probably due to the fact that DNase I is inherently
larger in size. Co-immobilization of both compounds (pDA-MIX)
yields surfaces with an intermediate morphology. For further
surface morphology characterization, samples were also analysed
by AFM (Fig. 1B). AFM results confirmed that bare PDMS possessed
a smoother morphology as compared to modified surfaces. From
the AFM images, it was possible to measure the average roughness
of surfaces (Fig. 2A) and results indicated that the presence of a
pDA layer increased the surface roughness of PDMS, which is in



Fig. 1. Surface characterization of surfaces. SEM (A) and AFM (B) images of unmodified polydimethylsiloxane (PDMS), and pDA before and after functionalization with DNase
I (pDA-DNase I), Palm (pDA-Palm) and both DNase I and Palm (pDA-MIX). The scale bars in the left and right column indicate 1 and 10 lm, respectively. The scale bar in AFM
pictures indicates 1 lm.
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agreement with reported studies [18,32]. Further functionalization
with DNase I yielded surfaces with a heterogeneous roughness as
the values measured within the same surface presented a large
range, suggesting a non-uniform distribution of enzyme immobi-
lization on the surface. On the other hand, and unlike in previous
studies reporting other peptides immobilization using pDA as an
intermediate layer [18,23,33], Palm immobilization decreased sur-
face roughness which correlates with SEM results. When peptide
was co-immobilized with enzyme (pDA-MIX), surface roughness
increased which may be attributed to the presence of DNase I. To
evaluate the surface wettability of the PDMS after surface modifi-
cation, the static water contact angle of surfaces after each
deposition step was measured (Fig. 2B). Bare PDMS is naturally
hydrophobic, with a high contact angle of 109.9 ± 3.0�. Its function-
alization with pDA greatly improved the hydrophilicity of the poly-
meric surface, decreasing the contact angle to 56.6 ± 4.8�, which is
a well-established observation in other material surfaces as well
[23,34]. Further immobilization with DNase I or Palm slightly
increased the contact angle to 76 ± 17� and 77 ± 15�, respectively,
which may be attributed to the presence of hydrophobic amino
acid residues in the enzyme [35] and Palm’s hydrophobic lipophilic
tail. Co-immobilization of enzyme and peptide (pDA-MIX) yielded
surfaces more hydrophobic with a contact angle of 98 ± 10�, which
can be attributed to an addition effect provided by each compound.



Fig. 3. Bacterial adhesion to surfaces. (A) Representative fluorescent live/dead stain im
Normalized attachment and viability of S. aureus on unmodified polydimethylsiloxane (P
(pDA-Palm) and both DNase I and Palm (pDA-MIX). All values were normalized to PDMS c
attachment and (###)p < 0.001, compared to PDMS fraction of dead cells.

Fig. 2. Surface characterization of surfaces. Surface average roughness (A) and (B)
water contact angles of unmodified polydimethylsiloxane (PDMS), and pDA before
and after functionalization with DNase I (pDA-DNase I), Palm (pDA-Palm) and both
DNase I and Palm (pDA-MIX). Significant differences were found for (⁄⁄)p < 0.01,
compared to PDMS control and (##)p < 0.01, compared to pDA control.
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3.4. Palm immobilization efficiency and stability

To quantify the percentage of immobilized Palm, the buffer
solutions containing the loading and unattached peptide were
recovered after concluding the coating process. The fluorescamine
assay revealed that 65.9% ± 9.7% of loaded peptide was immobi-
lized onto the pDA-coated PDMS surface and 56.7% ± 2.1% of
loaded Palm was still immobilized after being incubated in PBS
for 5 days.
3.5. Antibacterial performance of mono and bi-functional coatings

Prior to co-immobilization of DNase I and Palm, their immobi-
lization was performed alone. The antibacterial performance of
these mono-functional coatings was investigated by performing
an attachment assay in which bacteria were allowed to attach for
4 h and the remaining cells on the PDMS surfaces were imaged
with fluorescence microscopy. In this assay, it was possible to
measure the remaining cells on the modified surfaces and simulta-
neously discriminate between live and dead cells, or more, specif-
ically, evaluate bacterial membrane’s integrity (Fig. 3). For these
analysis, a clinical isolate of S. aureus was chosen because of its
clinical relevance. Bare PDMS surfaces allowed the adhesion of S.
aureus cells, which have formed agglomerates, and most of them
remained alive. Polydopamine-coated surfaces had no significant
effect on bacterial attachment or cell viability but cells were more
evenly distributed along these surfaces. Further functionalization
with Palm, had no effect on bacterial attachment but was
responsible for a greater fraction of dead cells. Enzymatic mono-
functional coating, on the other hand, had no significant effect on
cell viability as compared to bare PDMS surfaces but was able to
ages obtained during adhesion of S. aureus .The scale bar indicates 100 lm. (B)
DMS), and pDA before and after functionalization with DNase I (pDA-DNase I), Palm
ontrol. Significant differences were found for (⁄)p < 0.05, compared to PDMS control
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prevent bacterial attachment. Once confirmed the anti-adhesive
and antimicrobial properties conferred by immobilization of DNase
I and Palm, respectively, their co-immobilization was performed so
that a bi-functional coating integrating both functionalities could
be obtained (pDA-MIX). Results showed that with this combina-
tion, the fraction of dead cells greatly increased as compared to
unmodified PDMS and bacterial attachment was slightly reduced
as compared to PDMS functionalized with Palm alone, suggesting
the additional effect conferred by the presence of DNase I.

3.6. Adhesion of dual-species to mono and bi-functional coatings

The performance of mono and bi-functional coatings proposed
in the present study was also investigated against dual-species
adhesion. For that, bacteria were allowed to attach for 4 h and
the remaining cells on the PDMS surfaces were imaged with fluo-
rescence microscopy after live/dead staining (Fig. 4). The fitness
of dual-species adhesion (Fig. 4C) was compared to single-species
adhesion (Fig. 4A and B) to mono-functional coatings. The clinical
isolate of S. aureus and a reference strain of P. aeruginosawere used
in this assay. As previously established, mono-functional coatings
of DNase I was able to prevent S. aureus while Palm mono-
functionalization generated surfaces able to kill most of bacteria
(Fig. 4A). When it comes to P. aeruginosa adhesion to these
mono-functional coatings, different antibacterial effects were
observed. PDMS functionalized with pDA was able to prevent bac-
terial adhesion and also affected cell viability as compared to bare
PDMS surfaces. PDMS surfaces functionalized with DNase I was
able to prevent bacterial attachment while mono-functional coat-
ings of Palm yielded similar results to pDA coating alone. Adhesion
of S. aureus together with P. aeruginosa to bare PDMS surfaces
yielded a higher fraction of dead cells as compared to their
mono-species adhesion, suggesting an antagonistic interaction
Fig. 4. Consortia adhesion to surfaces. Normalized attachment and viability of cells of
polydimethylsiloxane (PDMS), and pDA before and after functionalization with DNase I (
differences were found for (⁄⁄⁄)p < 0.001, compared to PDMS control attachment and
applied to dual-species adhesion onto unmodified polydimethylsiloxane (PDMS), and pD
and both DNase I and Palm (pDA-MIX).The scale bar indicates 20 lm.
between bacterial strains. The presence of a pDA layer was respon-
sible for reducing bacterial attachment. As P. aeruginosa was
affected by the hydrophilic parameters of pDA, this results sug-
gested that adhesion on bare PDMS was dominated by this strain.
DNase I-based mono-functional coating was able to reduce bacte-
rial attachment without significant effect on cell viability. These
results are in accordance with the fitness observed for mono-
species adhesion, as PDMS functionalized with DNase I was able
to prevent the attachment of both strains, alone. Immobilization
of Palm yielded interesting results as they were able to prevent
bacterial attachment in a greater extent as compared to DNase I.
These results also suggested that P. aeruginosa had some predom-
inant effect on S. aureus adhesion. Co-immobilization of both
peptide and enzyme at a proportion of 1:3 (pDA-MIX) yielded a
bi-functional coating able to prevent bacterial attachment of both
strains and increased the fraction of dead cells, as compared to
bare PDMS surfaces. These results indicated that bi-functional
coatings developed in this study retained their both anti-
adhesive and antimicrobial properties also against dual-species
adhesion.

In order to confirm some of the hypothesis raised from afore-
mentioned results, and also to directly visualize the location and
distribution of bacterial strains within the dual-species commu-
nity, adhesion of both strains, in the same conditions, was allowed
to proceed on PDMS surfaces that were, afterwards, observed
under a fluorescence microscope after applying a multiplex PNA
FISH methodology counterstained with DAPI. The strength of each
fluorescent signal allowed to distinguish P. aeruginosa (red rod-
shaped cells) and S. aureus (blue cocci) within the bacterial consor-
tia (Fig. 4D). Results confirmed that P. aeruginosawas the dominant
organism with S. aureus adhering afterwards on P. aeruginosa
agglomerates. No significant differences could be observed on
bacterial distribution on different PDMS modified surfaces.
S. aureus (A), P. aeruginosa (B) single-adhered and co-adhered (C) on unmodified
pDA-DNase I), Palm (pDA-Palm) and both DNase I and Palm (pDA-MIX). Significant
(###)p < 0.001, compared to PDMS fraction of dead cells. (D) Multiplex PNA-FISH
A before and after functionalization with DNase I (pDA-DNase I), Palm (pDA-Palm)



Fig. 5. Biofilm formation on surfaces. Metabolic activity of biofilm cells of P.
aeruginosa (black) and S. aureus (white) adhered to unmodified polydimethylsilox-
ane (PDMS), and pDA before and after functionalization with DNase I (pDA-DNase
I), Palm (pDA-Palm) and both DNase I and Palm (pDA-MIX). Significant differences
were found for (⁄)p < 0.05, (⁄⁄)p < 0.01 and (⁄⁄⁄)p < 0.001, compared to PDMS
control.

Fig. 6. Surfaces biocompatibility. Viability of 3T3 fibroblast cells after 48 h of
contact with pDA before and after functionalization with DNase I (pDA-DNase I),
Palm (pDA-Palm) and both DNase I and Palm (pDA-MIX), measured with an MTS
assay. Significant differences were found for (⁄)p < 0.5 compared to pDA control.
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3.7. Anti-biofilm properties of mono and bi-functional coatings

To investigate the anti-biofilm properties of coatings, the clini-
cal isolate of S. aureus and P. aeruginosa were allowed to grow as
single bacteria, in TSB for 24 h and biofilm cells viability were eval-
uated using a XTT assay. In this assay, OD values are proportional
to the number of metabolic active cells adhered on the surfaces.
As shown in Fig. 5 unmodified PDMS exhibited the higher values
of optical density, which confirms that PDMS surfaces are prone
to both S. aureus or P. aeruginosa adhesion and subsequent biofilm
formation. The presence of a pDA layer slightly decreased cell
activity of S. aureus but had no effect on the metabolic activity of
the Gram-negative strain. Mono-functional coatings of DNase I
had no effect on biofilm formation of both strains but PDMS func-
tionalized with Palm greatly decreased biofilm cells metabolic
activity of S. aureus. Bi-functional coatings had no significant effect
on biofilm cells metabolic activity of S. aureus but were able to
compromise biofilm formation of P. aeruginosa.
3.8. Evaluation of resistance development by bacterial cells adhered to
modified PDMS surfaces

In order to evaluate the potential of bacterial resistance devel-
opment towards surfaces modified with Palm, an assay was
performed in which cells in contact with unmodified PDMS and
modified PDMS surfaces for a period of 10 days, were recovered
and used to determine the MIC and MBC of Palm (Table 1). As a
control, the antibiotic vancomycin was immobilized onto PDMS
using dopamine chemistry, at the same concentration as the AMP
and the same assay was performed.

Results showed that cells adhered to PDMS functionalized with
Palm exhibited the same susceptibility pattern as cells adhered to
PDMS before or after coating with pDA, suggesting no development
Table 1
MIC and MBC values of Palm and Vancomycin against adhered S. aureus recovered
from unmodified PDMS and pDA before and after functionalization with Palm (pDA-
Palm) or vancomycin (pDA-Vancomycin).

Cells adhered to MIC (lg/mL) MBC (lg/mL)

PDMS 64 >64
pDA 64 >64
pDA-Palm 64 >64

PDMS 1 1
pDA 1 2
pDA-Vancomycin 2 8
of resistance. On the other hand, cells adhered to surfaces function-
alized with the antibiotic vancomycin were less susceptible to the
same antibiotic with higher values of MIC and MBC as compared to
PDMS unmodified or coated with pDA. The higher MBC of adhered
cells when compared to planktonic culture was expected taking
into consideration that adhered cells are less susceptible than their
planktonic counterparts [36].

3.9. Effect of PDMS modified surfaces on 3T3 fibroblast metabolic
activity

To predict the effects of mono and bi-functional coatings devel-
oped in this study on mammalian cells, an assay of cytotoxicity
was performed (Fig. 6). Results showed that further functionaliza-
tion of pDA surfaces had no significant effect on 3T3 fibroblast
metabolic activity. Bi-functional coatings slightly increased cell
metabolic activity.

4. Discussion

The present study aimed to prepare a bi-functional coating
incorporating the strengths of two strategies: to kill bacteria and
simultaneously prevent their adhesion to surfaces, using a facile
and non-toxic approach developed by Messersmith and
co-workers [17]. The immobilization platform was performed on
PDMS as this material has been widely used for the development
of catheters [37]. A clinical isolate of S. aureuswas used throughout
this study as a model strain because biomaterial-associated infec-
tions are mainly caused by Gram-positive bacteria [38]. To confer
surfaces with antimicrobial activity, the AMP Palm was chosen.
Their potential as alternatives to conventional antibiotics, mainly
due to their low propensity for inducing microbial resistance has
been recognized in the past few years [39,40]. Palm belongs to a
group of lipopeptides with powerful antifungal and antibacterial
activities. These lipopeptides are obtained from positively charged
peptides containing D- and L-amino acids (diastereomers) with
palmitic acid at their N terminus [41]. As a lipopetide its mecha-
nism of action consists of simple disruption of membrane electric
potential [42]. Its immobilization did not compromise their
antimicrobial activity as it may involve the displacement of
positive cations from the bacterial membranes which induces
disruption of the bacterial envelope and subsequent death [43].
Anti-adhesive component of bi-functional coatings was provided
by the enzyme DNase I, targeting extracellular DNA. Because extra-
cellular DNA facilitates the initial stage of bacterial adhesion to
biomaterials and, virtually, all bacterial populations produce this
structural component, it was hypothesized that it could be a
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general target [44]. Furthermore, the immobilization of DNase I
onto biomaterial surfaces, using a pDA layer as an intermediate,
has proved to be effective in preventing bacterial adhesion and
biofilm formation up to 14 h [45].

Surface characterization studies confirmed the immobilization
of Palm and DNase I onto pDA-coated PDMS surfaces and that most
of the peptide did not detach from the surface for up to 5 days.
Enzyme immobilization did not compromise its catalytic activity
(data not shown). To assess the antibacterial performance of devel-
oped coatings, an adhesion assay was performed in which bacterial
cells were allowed to adhere for 4 h. This period of time was
chosen because the first 6 h after surgery (the so-called ‘‘decisive
period”) are identified as being critical for preventing bacterial
adhesion in order to assure the long-term success of the implant
[46]. During this period of time, there is a race involving the
attachment of bacteria and the incorporation of the material into
the surrounding tissue [3]. Attachment assay confirmed that
immobilization of Palm onto pDA-coated PDMS surfaces conferred
them with potent antimicrobial properties given its ability to
damage most of bacterial cells adhered to these coatings very fast.
This performance is in accordance with lipopeptides ability to kill
multi-resistant Gram-positive cocci, in solution, previously
reported [47]. Enzymatic mono-functional coating was able to pre-
vent bacterial attachment suggesting its suitability to confer the
anti-adhesive properties intended for the bi-functional coating.
Once confirmed the anti-adhesive and antimicrobial properties
conferred by immobilization of DNase I and Palm, respectively,
their co-immobilization was performed so that a bi-functional
coating integrating both functionalities could be developed.
Surface characterization of this bi-functional coating revealed a
surface with intermediate roughness between the ones achieved
with both compounds, alone. Co-immobilization of DNase I and
Palm yielded more hydrophobic surfaces which can be attributed
to an addition effect provided by each compound.

Most of the coating approaches developed to fight biomaterial-
associated infections only investigate the antibacterial perfor-
mance against bacterial strains as single species. In the present
study, the performance of mono and bi-functional coatings against
the adhesion of dual-species was also evaluated. Results confirmed
that the bi-functional coating was able to prevent bacterial
attachment of both strains and increase the fraction of damaged
cells, as compare to unmodified PDMS. The coatings retained,
therefore, both anti-adhesive and antimicrobial properties against
dual-species adhesion.

Once established the potential of mono and bi-functional coat-
ings to prevent bacterial attachment and kill bacteria adhered to
the surfaces during the first stages of bacterial colonisation pro-
cess, it is important to evaluate coatings efficacy to impair biofilm
formation. For that, S. aureus or P. aeruginosa were allowed to grow
in a nutrient-rich environment for 24 h. Mono-functional coatings
of DNase I had no effect on biofilm formation by both strains which
may be attributed to the presence of proteases or macromolecules
present in established biofilms which may have interfered with
enzyme activity [5]. PDMS functionalized with Palm greatly
decreased biofilm metabolic activity of S. aureus, suggesting,
therefore, its ability to compromise biofilm establishment but
had no effect against P. aeruginosa metabolic activity. These results
correlate with the different susceptibility patterns obtained in
planktonic cultures, as Palm was more effective against the
Gram-positive strain. However, the mechanisms dictating these
different performance should be further investigated.

The coatings developed in this study exhibited different perfor-
mances, according to the type of media used, PBS or TSB, two
extreme media in terms of composition. Therefore, the adhesion
of S. aureus and P. aeruginosa, both as single and in a consortia,
using synthetic urine [48], for a longer period of time, 24 h, was
also conducted. Preliminary results (Fig. S2) suggested that the
bi-functional coatings were also effective using artificial urine
and longer periods of time. These results highlight the promising
application of these coatings on urinary catheters.

Bacteria exhibit an outstanding ability to adapt in response to
their environment, and some bacterial strains demonstrated to
be resistant to some AMP [49]. Because only a few works have
addressed the development of bacterial resistance towards AMP
after their immobilization [50], a study was performed on
Palm-based coatings in order to evaluate the potential of bacterial
resistance toward these surfaces. Results confirmed that Palm
immobilization retained its low propensity to develop bacterial
resistance, as opposite to the immobilization of an antibiotic.
5. Conclusions

In summary, a two-step polydopamine-based surface modifica-
tion strategy was applied to successfully co-immobilize an antimi-
crobial peptide and an enzyme targeting an important component
of biofilm matrix. This immobilization approach imparted PDMS
surfaces with both anti-adhesive and antimicrobial properties
against the adhesion of relevant bacteria as single and dual-
species, with excellent stability and biocompatible properties,
holding, therefore, great potential in the development of catheters
able to prevent CAI.
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