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resulting in serious illness and death. [ 3 ]  Biomaterial-asso-
ciated infections are extremely hard to treat because cells 
within a biofi lm encase themselves in a self-produced poly-
meric matrix which confers them protection against anti-
microbial treatment and host immune system. [ 4,5 ]  Among 
the microorganisms most frequently isolated from BAI, the 
Gram-negative  Pseudomonas aeruginosa , stands out for its 
ability to form strong biofi lms, [ 6,7 ]  intrinsic resistance to 
antibiotics, [ 8 ]  and remarkable ability to develop resistance 
during antimicrobial treatment. [ 9 ]  

 The development of materials that can resist or pre-
vent bacterial adhesion constitutes the most promising 
approach to deal with BAI problem and modern biomate-
rial science has provided several modifi cation and activa-
tion strategies to impart biomaterials with antibacterial 
properties. [ 10 ]  Different compounds such as antibiotics, [ 11 ]  
quaternary ammonium compounds, [ 12 ]  and metal nano-
particles consisting of silver or metal oxides [ 13,14 ]  have 
been exploited to impart surfaces with antimicrobial 
features. However, most of these strategies present some 
limitations such as incomplete effi cacy, toxicity, and the 
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  1.     Introduction 

 Millions of lives are saved, every day in modern healthcare, 
thanks to the use of biomaterial implants and medical 
devices. Despite their crucial role in medicine progress, 
there are some drawbacks associated to their increased use 
as they all are prone to bacterial colonization. [ 1,2 ]  Bacterial 
adhesion to an indwelling device, followed by biofi lm for-
mation, is commonly associated to persistent infections 
and subsequently to tissue destruction, systemic dissemi-
nation of the pathogens and dysfunction of the device, 
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development of bacterial resistance. [ 15,16 ]  In the search 
for new compounds, antimicrobial peptides (AMP) have 
been recognized as promising candidates for the new 
generation of antimicrobial surfaces. [ 17,18 ]  AMP are a 
key component of the innate immune systems of most 
living organisms to protect them against invading micro-
organisms which mode of action involves electrostatic 
interaction with bacterial membranes with subsequent 
disruption of membrane’s structural stability. [ 19 ]  Due to 
their attraction to negatively charged molecules on the 
bacterial membrane, acquisition of resistance to AMP in 
susceptible strains is slower and less common compared 
with that developed against other antimicrobials. [ 19,20 ]  
Other advantages of AMP include their activity against 
a wide spectrum of microorganisms, effi cacy at very low 
concentrations, and ability to enhance the antimicrobial 
action of classical antibiotics. [ 21 ]  

 Polymyxins are a group of cationic antimicrobial lipo-
peptides that has been used as the last resort to fi ght 
infections caused by multi-drug resistant  P. aeruginosa  
strains. [ 22 ]  Only polymyxins B (PB) and E (PE) (also called 
colistin) have been used in clinical practice. [ 23 ]  Structur-
ally, they consist of a seven-member cyclic ring of ami-
noacids with a tripeptide side chain bounded to a fatty 
acid chain. The two polymyxins have the same hepta-
peptide ring, with the exception of a single aminoacid, 
which is phenylalanine in PB and leucine in PE. [ 24 ]  Sev-
eral studies have demonstrated the  in vitro  bactericidal 
activity of polymyxins alone and combined with other 
antimicrobials. [ 25,26 ]  Although effective, some concerns 
have been raised about the development of bacterial 
resistance and toxicity toward these AMP. [ 22 ]  Their cova-
lent immobilization onto a biomaterial surface may over-
come these drawbacks as it avoids patient exposure to 
sub-inhibitory concentrations. [ 27 ]  

 The aim of the current study was, thus, to immobilize 
two AMP (polymyxins B and E) onto PDMS, commonly 
referred as silicone rubber, which has been widely used 
for implantable biomedical devices such as catheters or 
voice prostheses, [ 28,29 ]  using dopamine chemistry. Two 
pDA-based approaches were compared: the conventional 
two-step method involving fi rst the deposition of a pDA 
layer to which biomolecules are afterward immobilized, 
and a one-step method where compounds are incorpo-
rated throughout the full thickness of the pDA fi lm as 
they are dissolved together with dopamine before its 
polymerization. [ 30 ]   

  2.     Experimental Section 

  2.1.     Bacterial Strain and Growth Conditions 

 A reference strain of  P. aeruginosa  (ATCC 39324) was used 
throughout this study. The strain was fi rst 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 sterile 
saline solution (0.9% NaCl prepared in ultrapure water). The con-
centration of cellular suspensions was adjusted by optical den-
sity at 640 nm and calibrated in terms of Colony Forming Units 
(CFU) using spread plate method.  

  2.2.     Antimicrobial Peptides 

 Two AMP were used throughout this work: polymyxin B 
(Biochrom) and polymyxin E (Colistin sulphate, Sigma).  

  2.3.     Antimicrobial Susceptibility of AMP 

 The minimal inhibitory (MIC) and bactericidal (MBC) concentra-
tions of peptides were determined by the microdilution method 
according to clinical and laboratory standards institute (formerly 
NCCLS). [ 31 ]  Briefl y, the wells of a sterile 96-well round-bottom micr-
otiter plates (polystyrene, Orange, USA) were fi lled with 100 μL of 
Mueller Hinton Broth (MHB, Merck) with increasing concentra-
tions of peptide to which were added 100 μL of each bacterium 
inoculum (adjusted to a fi nal concentration of 5.0 × 10 5  CFU mL −1 ). 
The plates were afterward incubated at 37 °C for 24 h in an orbital 
shaker at 120 rpm (OS-20). In this assay, two controls were used, 
one without bacteria as a negative control and one without pep-
tide as a positive control. Moreover, culture media with increasing 
concentrations of peptides without bacteria were also tested 
in order to avoid misleading results. The MIC of the planktonic 
fraction was obtained by measuring the absorbance at 640 nm 
( A  640 nm ) in an automated microtiter plate reader (Sunrise, Tecan), 
where clear wells ( A  640 nm  = negative control) were evidence of bac-
terial growth inhibition. MBC determination was performed by 
adding a droplet of 10 μL 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 identifi ed as the MBC.  

  2.4.     PDMS Preparation 

 PDMS was prepared by mixing and curing of two-component kit 
Sylgard 184 (Dow Corning, USA) at room temperature. Briefl y, 
base and curing agents in the kit were mixed thoroughly in 
10:1 (w/w), cast in a petri dish and kept at room temperature for 
48 h. After curing, PDMS formed in petri dish was cut into circle 
pieces of 0.9 cm diameter at a thickness of about 0.3 cm. Prior 
utilization, PDMS coupons were sonicated in a commercial deter-
gent (Sonasol, Henkel Ibérica Portugal) for about 5 min, rinsed 
with distilled water for a few minutes, sonicated in methanol 
for about 20 min, then rinsed with distilled water and air-dried 
overnight.  

  2.5.     Polydopamine Coating and Peptides Immobilization 

 Coatings were prepared following two pDA-based approaches as 
illustrated in Figure  1 , a two and a one-step immobilization. For 
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peptides immobilization via the two-step approach (Figure  1 B), 
the fi rst step involved the deposition of a pDA coating on PDMS 
coupons which was performed by immersing them in 7 mL 
of a freshly prepared solution of dopamine (Sigma, 2 mg mL −1  
dopamine–HCl in 10 × 10 −3   M  bicine buffer, pH 8.5) for 18 h, at 
room temperature and under agitation (70 rpm). Coupons were 
then rinsed with ultrapure water. For further functionalization 
with peptides, pDA-coated coupons were immersed in PE or PB 
solutions (1 and 5 mg mL −1  in 10 × 10 −3   M  bicine buffer supple-
mented with 600 × 10 −3   M  NaCl, pH 8.5) and were incubated for 
2 h, at room temperature, under agitation (70 rpm). For the one-
step poly dopamine-based immobilization (Figure  1 A), dopamine 
(2 mg mL −1 ) and polymyxins (1 mg mL −1 ) were dissolved together 
in 10 × 10 −3   M  bicine buffer solution (pH 8.5) and the PDMS cou-
pons were immediately immersed in this solution. After over-
night coating at room temperature and under agitation (70 rpm), 
the coupons were rinsed with ultrapure water and air-dried for 
45 min. 

    2.6.     Surface Characterization 

 The surface morphology of materials was analyzed by scan-
ning electron microscopy (SEM). Prior to observation, samples 
were sputter coated with gold and observed with an S-360 
scanning 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× 
magnifi cation. Surface morphology and roughness were also 
evaluated using atomic force microscopy (AFM). AFM measure-
ments were performed 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 fi xed at 5 μm × 5 μm. Surface roughness 
analysis were conducted using NanoScope Analysis 1.10 soft-
ware. The hydrophobicity parameters of material surfaces were 
determined using the sessile drop contact angle method, using 

an automated contact angle device (OCA 15 Plus, Dataphysics, 
Germany) that allows image acquisition and data analysis. Meas-
urements were performed using 3 μL drops of liquid on cleaned 
and dried coupons of PDMS before and after modifi cations. All 
measurements were performed at room temperature and water, 
glycerol and α-bromonaphtalene were used as reference liquids 
for standardized contact angles measurements. Contact angles 
were related to the surface hydrophobicity, using the van Oss 
approach. [ 32 ]  According to van Oss, [ 33 ]  hydrophobicity can be 
expressed in the form of the free energy of interfacial interaction 
ΔG( )sws

TOT  between the particles of a solid surface (s), in an aqueous 
environment (w). According to this model, when Δ >G 0sws

TOT , the 
surfaces are hydrophilic and for Δ <G 0sws

TOT , they are hydrophobic.  

  2.7.     Peptides Immobilization Effi ciency and Coatings 
Stability 

 The effi ciency of peptides immobilization was determined by 
quantifying the amount of unattached peptides in the buffer 
solution retrieved immediately after completing the coating 
process. The peptide concentration was measured using a fl uo-
rescamine (Sigma) assay. [ 34 ]  Briefl y, before and after incubation 
of peptides onto PDMS (one-step immobilization approach) or 
pDA-coated PDMS coupons (two-step immobilization approach), 
the supernatants containing loaded and unattached peptides, 
respectively, were retrieved and used as samples to determine 
the peptide immobilization effi ciency. Fluorescamine assay 
was performed by mixing fl uorescamine solution (3 mg mL −1  
in acetone) and the sample at 1:3 ratio in a 96-black-well plate 
(Greiner). After 15 min of incubation at room temperature, the 
fl uorescence intensity of each sample was measured by using 
a microplate reader (Synergy HT, Biotek). Immobilization effi -
ciency was represented as the percentage ratio of the amount of 
immobilized peptides to the amount of loaded peptides. Three 
independent assays with three replicates for each condition were 
performed. 
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 Figure 1.    Schematic representation of coating strategy developed for polymyxins immobilization onto PDMS material. A) PDMS was 
immersed in a solution containing dopamine and polymyxin together for one-step approach immobilization. B) For the two-step immobi-
lization approach, PDMS was fi rst functionalized with a layer of polydopamine, followed by polymyxins (PE or PB) immobilization.
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 In order to investigate coatings stability, the detachment of 
immobilized peptides was quantifi ed by measuring the amount 
of released peptides from the modifi ed surfaces during incuba-
tion under a physiologically relevant condition (in PBS at 37 °C). 
For that, 500 μL of a fresh PBS solution was added to each well of 
a 48-well microtiter plate (Orange Scientifi c, USA) in which PDMS 
coupons functionalized with peptides were placed immediately 
after peptide immobilization. The coupons were then incu-
bated at 37 °C for 5 d. Every day, supernatant samples (500 μL) 
were withdrawn to determine the amount of peptide released. 
The remaining peptides on the surface were quantifi ed by sub-
tracting the released peptides from the total amount of peptides 
immobilized at the fi rst day. These experiments were performed 
twice with three replicates for each condition tested.  

  2.8.     Bacterial Contact-Killing Assay 

 In order to evaluate bacterial contact-killing properties of PDMS 
surfaces functionalized with polymyxins, a previously reported 
method was applied with some modifi cations. [ 35 ]  Briefl y, bacte-
rial concentration was adjusted in TSB to a fi nal concentration of 
1 × 10 6  CFU mL −1  and 20 μL of this solution was added to each 
well of a 48-well microtiter plate, in which uncoated or modifi ed 
PDMS coupons were placed. The plate was afterward incubated 
at 37 °C, under static conditions for 24 h. After that, materials 
were placed on a TSA plate, incubated for 24 h at 37 °C and bacte-
rial growth was checked for all conditions tested and tabulated 
as “+” for growth and “−” for no visible growth. Two independent 
assays with three replicates for each condition were performed.  

  2.9.     Bacterial Viability on Modifi ed PDMS Surfaces 

 Antibacterial performance of the generated surfaces against 
bacterial adhesion was evaluated by preparing a bacterial sus-
pension with 1 × 10 8  CFU mL −1  in PBS from an overnight culture 
at 37 °C. PDMS coupons were placed into the wells of a 48-well 
tissue culture plate and covered with 300 μL of bacterial suspen-
sion. The samples were kept at 37 °C and 120 rpm for 4 h, as this 
period of time has been reported to be enough for bacterial cells 
to achieve initial adhesion onto a surface. [ 36,37 ]  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 fl uorescent inverted microscope (Leica, DMI 3000B). 
In this assay, the red-fl uorescent nuclei acid staining agent pro-
pidium iodide, which only penetrates damaged cell membranes, 
was used to label dead bacterial cells on the PDMS surfaces. In 
contrast, the SYTO 9 green-fl uorescent nucleic acid staining 
agent, which can penetrate cells both with intact and damaged 
membranes, was used to label viable cells. At least three images 
per coupon (a single image for each fl uorescence channel) were 
collected and at least three coupons were inspected per assay. 
ImageJ (Version 1.49 m, Wayne Rasband, National Institutes 
of Health, USA) software was used to subtract the image back-
ground 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 but when necessary the threshold 
value was manually adjusted until all visible cells were included 

within the thresholded range. The area measurement function 
was used to quantify the area of the pixels above the threshold 
and to thereby quantify the area covered by bacteria discrimi-
nating, at the same time, the fraction of live and dead bacteria, 
depending on the channel being analyzed. Values were normal-
ized to PDMS control. Three independent assays with three repli-
cates for each condition were performed.  

  2.10.     Susceptibility of Bacterial Cells Adhered to 
Modifi ed Surfaces 

 In order to evaluate the susceptibility pattern of bacterial cells 
adhered to PDMS surfaces, cells adhered on modifi ed and unmodi-
fi ed surfaces were recovered and the MIC and MBC  concentrations 
of peptide were afterward determined. Briefl y, a bacterial sus-
pension with 1 × 10 8  CFU mL −1  was prepared in PBS and 300 μL 
of this suspension were added to a 48-well microtiter plate in 
which PDMS coupons were placed. The plate was incubated for 
4 h at 37 °C and 120 rpm. The coupons were subsequently washed 
three times with saline solution to remove free-fl oating bacteria 
and transferred to an eppendorf tube with 1 mL of saline solu-
tion. The tubes were then sonicated for 6 min and vortexed for 
30 s for detaching the previous adhered cells and an aliquot of 
the  bacterial suspension was added to MHB and used for MIC and 
MBC determination as aforementioned. Two independent assays 
with three replicates for each condition were performed.  

  2.11.     Cytotoxicity Assay 

 Cytotoxicity tests were performed according to the ISO 10993-
5:2006, using fi broblast cells 3T3 (CCL 163) obtained from ATCC. 
Cells were fi rst cultured in Dulbecco’s modifi ed Eagle’s medium 
(DMEM) supplemented with 10% of fetal bovine serum and 1% 
penicillin/streptomycin at 37 °C, 5% CO 2 . After achieving the con-
fl uence, cells were detached using trypsin and 500 μL of a cell 
suspension with 1 × 10 5  cells mL −1  were added to each well of a 
48-well microtiter plate in which the PDMS materials were previ-
ously inserted. The plates were incubated at 37 °C and 5% CO 2  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 activity. All the medium was 
removed and a solution containing 100 μL 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 and 5% CO 2 , the 
absorbance of the resulting solution was read at 490 nm. Results 
were expressed as percentage of viable cells using the number of 
cells grown on pDA-coated PDMS as control. Two independent 
assays with three replicates for each condition were performed.  

  2.12.     Statistical Analysis 

 Results were presented as mean ± standard deviation (SD). Statis-
tical analysis was performed by Kolmogorov–Smirnov normality 
test using Graph Pad Prism 5.0 for Mackintosh. After this anal-
ysis, parametric tests (one way Anova followed by Tukey’s test) 
or nonparametric (Kruskal–Wallis test) were used depending on 
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whether the samples were from normally distributed popula-
tions or not, respectively.   

  3.     Results and Discussion 

 With an ageing society, the problem of BAI is expected 
to increase in the coming years. When antimicrobial 
treatment fails, the removal of the infected implant may 
not completely solve the problem due to the remaining 
pathogen in the body, which is responsible for recurrent 
infections. [ 1,38 ]  Preventive approaches such as the modi-
fi cation of biomaterials to render them with antibacte-
rial properties appear, therefore, as the best strategy to 
deal with these infections. In this study, pDA-mediated 
 catechol functionalization was applied to render PDMS 
surfaces, a widely used biomaterial in clinical applica-
tions, with antimicrobial properties through the immo-
bilization of two AMP: polymyxins B and E. Polymyxins 
B and E have been used as the last resort to fi ght multi-
drug resistant strains so there should be some caution in 
their widespread use to avoid the development of resist-
ance which has already been reported. [ 24,39 ]  An alter-
native approach for their use that may minimize the 
potential development of microbial resistance as well as 
the  toxicity toward mammalian cells relies on their cova-
lent immobilization. [ 27 ]  Polymyxins B and E share many 
similarities regarding their mechanism of action, anti-
microbial spectrum, clinical uses and toxicity. However, 
they also differ in several aspects, including chemical 
structure, formulation, potency, dosage, and pharmacoki-
netic properties. [ 40 ]  Their mechanism of action involves 
cell membrane’s disruption by binding to the anionic 
part of the lipopolysaccharide of Gram-negative bacteria, 
which results in leakage of intracellular components. 
Because of its wider global availability, most clinical 
studies have been focused on PE. However, some studies 
have  suggested that the incidence of nephrotoxic effects 
is higher with colistinmethate (the inactive form of PE) 
than with PB. [ 41,42 ]  

  3.1.     MIC and MBC Determination on Planktonic Cultures 

 The concentrations of polymyxins able to inhibit plank-
tonic bacterial growth (MIC) and those required to kill 
planktonic bacteria (MBC) were 2 and 4 μg mL −1 , respec-
tively, for both AMP.  

  3.2.     AMP Immobilization on PDMS Material 

 In this study, AMP were immobilized onto PDMS and a 
pDA-based surface modifi cation was applied for their 
immobilization using two different approaches (Figure  1 ). 
The two-step approach (Figure  1 B), previously applied for 
the immobilization of other AMP, [ 43,44 ]  involved fi rst the 
deposition of a uniform pDA coating from a dopamine–
HCl solution at a slightly alkaline pH. The pDA coating was 
then used as a platform for AMP’s immobilization due to 
the presence of residual quinones which present conven-
ient sites for covalent grafting of nucleophilic groups such 
as amino functional groups found in AMP via Michael 
Addition and/or Shiff reactions. The thickness of these 
coatings, determined under similar conditions of this 
study using ellipsometry, was around 50 nm. [ 45,46 ]  Further 
functionalization with polymyxins should not alter this 
thickness. 

 For one-step pDA-based immobilization procedure 
(Figure  1 A), the PDMS coupons were immersed in one-pot 
mixture of dopamine and the AMP to be immobilized. Pre-
vious work has shown that this procedure not only sim-
plifi es immobilization of biomolecules even further but 
it also increases the total amount of immobilized com-
pounds at surfaces. [ 47 ]  To quantify the coating effi ciency of 
peptides, the buffer solutions containing the unattached 
peptides were retrieved immediately after fi nishing the 
coating process. The percentage of peptide immobilized on 
PDMS (Table  1 ) was dependent on the approach used for 
polymyxins functionalization. Using a one-step approach, 
greater amounts of polymyxins B and E were immobilized 
(70% and 61%, respectively). However, taking into account 
that fl uorescamine reacts with the primary amino groups 
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  Table 1.    Effi ciency and stability of polydopamine-mediated immobilization of PE and PB. Stability was evaluated under physiologically 
 relevant conditions (PBS at 37 °C) for 5 d. ND means not determined. 

Method/polymyxin Immobilized amount [%]

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5

One-step [PE1] 69.7 ± 4 69.2 ± 0.4 68.8 ± 0.2 68.4 ± 0.1 68.1 ± 0.2 68.1 ± 0.1

Two-step [PE1] 39.9 ± 17 39.0 ± 0.5 38.8 ± 0.1 37.8 ± 0.8 37.5 ± 0.3 37.3 ± 0.3

Two-step [PE5] <0 ND

One-step [PB1] 61.0 ± 4 60.8 ± 0.1 60.6 ± 0.2 60.4 ± 0.1 60.1 ± 0.2 60.1 ± 0.01

Two-step [PB1] 30.1 ± 16 30.0 ± 0.1 29.7 ± 0.1 28.8 ± 0.3 28.5 ± 0.2 28.5 ± 0.1

Two-step [PB5] <0 ND
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found in the free amines on positively charged diamin-
obutyric acid residue of polymyxins, as well as the amine 
groups found on dopamine molecule in solution, it is hard 
to distinguish between the amount of dopamine poly-
merized and polymyxins immobilized using this one-
step approach. Using the two-step approach, this limita-
tion was overcome as dopamine polymerization occurred 
before polymyxins immobilization. For a lower concen-
tration of loading polymyxins B and E (1 mg mL −1 ) results 
showed a lower immobilization percentage of around 40% 
and 30%, respectively. Increasing the loading concentra-
tion for 5 mg mL −1 , the value of fl uorescence measured 
after coating process was higher than the one obtained for 
the loading solution, yielding a percentage of immobiliza-
tion lower than zero (Table  1 ). These results suggest that 
for a higher concentration, polymyxins may have inter-
fered with the pDA coating, so that some amino groups 
present in this layer were removed from the PDMS sur-
face, increasing, therefore, the content of amino groups 
detected by fl uorescamine assay. Increasing peptide con-
centration increased the amount of amine groups that 
may have reacted with dopamine aggregates via nonco-
valent interactions. [ 48 ]  Therefore, it is reasonable to expect 
some changes in coating stability under aqueous condi-
tions. However, in this study the PDMS functionalized with 
polymyxins using a loading concentration of 5 mg mL −1 
retained its antimicrobial functionality, which is a sign 
that polymyxins were still grafted onto surfaces although 
some stability disturbance may have occurred. 

  In order to assess coatings stability, the detachment of 
immobilized polymyxins was quantifi ed by measuring 
the amount of released polymyxin from the functional-
ized surfaces when incubated in PBS at 37 °C. Results 
(Table  1 ) confi rmed coatings stability using both strate-
gies as the polymyxins did not signifi cantly detach from 
the surfaces for up to 5 d.  

  3.3.     Surface Characterization 

 Surface morphology of pDA-mediated modifi ed sur-
faces was characterized using SEM analysis (Figure  2 ). 
The unmodifi ed PDMS exhibited smoother surface mor-
phology compared with the modifi ed ones. Self-polym-
erized pDA particles could be observed on modifi ed 
PDMS coupons confi rming the pDA coating. Further 
functionalization with polymyxins B or E yielded sur-
faces with different morphologies depending on the 
approach used. Results showed that one-step approach 
for immobilization of both polymyxins yielded sur-
faces with a more homogeneous coating with agglom-
erates more evenly distributed along the surfaces. This 
approach involves self-polymerization of dopamine in 
the presence of compounds to be immobilized, hence 
leading to homogeneous mixing of covalently linked 
compounds throughout the layer of pDA [ 30 ]  and sur-
face characterization confi rmed a more homogeneous 
coating. Moreover, while the amount of immobilized 
compounds via two-step approach is defi ned by the 

Macromol. Biosci. 2016,  16,  1450−1460

 Figure 2.    SEM images of unmodifi ed polydimethylsiloxane surfaces (PDMS), polydopamine-coated PDMS (pDA), pDA-coated PDMS surfaces 
with immobilized PE and PB via two-step approach (two-step [PE] or two-step [PB]) and one-step approach (one-step [PE] and one-step 
[PB]). The scale bars in the fi rst and third column indicates 1 μm and the bar scale in the second and fourth column indicates 10 μm.
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amount of reactive quinone groups that can react, 
which is limited to the surface of the outer surface, it 
is expected that biomolecules incorporation using one-
step approach occurs throughout the full thickness of 
the pDA layer than only at its outer surface. [ 47 ]  When 
PE was immobilized using the two-step approach at a 
lower concentration, a similar morphology to the pDA 
coating alone was observed with smaller agglomerates. 
The increase of the loading concentration caused the 
formation of bigger agglomerates, hetero geneously dis-
tributed along the surface. For PB immobilization using 
the two-step approach, the same agglomeration forma-
tion could be observed. 

  For further surface morphology characterization, sam-
ples were also analyzed by AFM. From the AFM images, 
it was possible to measure the average roughness of 

surfaces (Figure  3 ). Results confi rmed that the presence 
of a pDA layer increased the surface roughness, which 
is in agreement with other studies. [ 43,49 ]  Further func-
tionalization with polymyxins E or B, using the two-step 
immobilization approach, did not interfere with surface 
roughness conferred by the pDA layer. On the other side, 
polymyxins immobilization using one-step approach 
yielded surfaces with signifi cant higher values of rough-
ness surface. 

  Hydrophobicity parameters of surfaces were investi-
gated through contact angle measurements, using the 
van Oss approach. [ 33 ]  Contact angles, surface tension 
parameters, and free energy of interaction are presented 
in Table  2 . Results show that PDMS exhibited a water 
contact angle higher than 65° and a negative value of 
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 Figure 3.    Average surface roughness ( R  a ) obtained from AFM 
analysis of unmodifi ed polydimethylsiloxane surfaces (PDMS), 
polydopamine-coated PDMS (pDA), pDA-coated PDMS surfaces 
with immobilized PE and PB via two-step approach (two-step 
[PE] or two-step [PB]) and one-step approach (one-step [PE] and 
one-step [PB]).

  Table 2.    Values of contact angles (°) with water ( θ  W ), glycerol ( θ  G ), α-bromonaphtalene ( θ  B ), surface tension parameters (mJ m −2 ), and free 
energy of interaction (ΔGsws

TOT) (mJ m −2 ) between the surfaces (i) when immersed in water (w). Values are means ± SD. 

Surface Contact angle (°) Surface tension parameters 
(mJ m −2 )

Free energy of 
interaction (mJ m −2 )

 θ  W  θ  G  θ  B  γ  i  LW  γ  i  +  γ  i  − ΔGG(( ))sswwss
TTOOTT

PDMS 108.6 ± 3.2 100.7 ± 8.2 55.9 ± 6.0 27.0 0 3.95 −62.4

pDA 56.6 ± 4.8 92.0 ± 5.5 13.6 ± 5.7 43.1 0 89.0 81.3

Two-step [PE1] 77.4 ± 10.4 103.3 ± 7.8 28.8 ± 8.0 39.1 0 55.4 43.4

Two-step [PE5] 84.6 ± 11.6 101.5 ± 4.0 28.5 ± 7.1 39.1 0 37.1 16.0

One-step [PE1] 68.8 ± 16.3 117.3 ± 6.3 14.7 ± 3.2 43.0 0 104.5 97.4

Two-step [PB1] 89.4 ± 9.7 100.4 ± 3.3 32.3 ± 2.4 37.8 0 26.7 −1.9

Two-step [B5] 87.8 ± 9.3 102.9 ± 3.5 28.1 ± 4.4 39.3 0 32.4 7.8

One-step [PB1] 68.7 ± 10.5 117.0 ± 9.7 15.0 ± 4.4 42.9 0 104.2 97.1

  Table 3.    Contact-killing activity of unmodifi ed polydimethylsi-
loxane surfaces (PDMS), polydopamine-coated PDMS (pDA), pDA-
coated PDMS surfaces with immobilized PE and PB via two-step 
approach (two-step [PE] or two-step [PB]) and one-step approach 
(one-step [PE] and one-step [PB]). Visible growth was used as an 
indicator of contact-killing activity and it was tabulated as “+” for 
growth and “−” for no visible growth. 

Condition tested Visible bacterial growth

PDMS +

pDA +

Two-step [PE1] −

Two-step [PE5] −

One-step [PE1] −

Two-step [PB1] +

Two-step [PB5] −

One-step [PB1] +
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free energy of interaction ΔG( )sws
TOT , which are indica-

tive of a hydrophobic feature. [ 50 ]  Further functionaliza-
tion of PDMS yielded, in general, hydrophilic surfaces 
as indicated by the positive values of free energy of 
interaction ΔG( )sws

TOT . Polymyxin B immobilization using 
a two-step approach and a lower concentration (1 mg 
mL −1 ) was the only exception, presenting a hydro-
phobic character. Results also showed that although 
all the surfaces are electron donors, this feature was 
enhanced after pDA-based functionalization (higher 
values of  γ  i  + ). 

    3.4.     Antimicrobial and Anti-Adhesion Properties 
of PDMS Functionalized with Polymyxins 

 Antibacterial performance of the generated surfaces 
was investigated against a mucoid reference strain of 
 P. aeruginosa  (ATCC 39324), as the production of alginate 
is one of the most extensively studied virulence factors. [ 51 ]  
Contact-killing was evaluated by dropping a small volume 
of bacterial suspension on the surfaces of PDMS function-
alized with polymyxins B or E for 24 h at 37 °C. Table  3  
shows that no contact-killing was observed for bare PDMS 
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 Figure 4.    A) Representative fl uorescent live/dead stain images obtained during  P. aeruginosa  ATCC 39324 attachment assays. The scale 
bar indicates 100 μm. B) Normalized attachment of  P. aeruginosa  ATCC 39324 onto unmodifi ed polydimethylsiloxane surfaces (PDMS), 
polydopamine-coated PDMS (pDA), pDA-coated PDMS surfaces with immobilized PE and PB via two-step approach (two-step [PE] or two-
step [PB]) and one-step approach (one-step [PE] and one-step [PB]). All values were normalized to % coverage on PDMS control. Signifi cant 
differences were found for (**)  p  < 0.01 and (***)  p  < 0.001, compared to PDMS control attachment and (##)  p  < 0.01 and (###)  p  < 0.001, 
compared to PDMS fraction of dead cells.
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and after pDA coating. Further functionalization with PB 
yielded surfaces with bacterial contact-killing activity 
but only when a higher concentration of this peptide 
(5 mg mL −1 ) was used during immobilization process. In 
turn, PDMS functionalized with PE exhibited bacterial con-
tact-killing activity for both concentrations tested. When 
one-step immobilization approach was applied, only PE 
exhibited contact-killing activity. 

  For further evaluation of the antimicrobial perfor-
mance of functionalized PDMS surfaces, an attachment 
assay was also performed in which bacteria were allowed 
to attach for 4 h and the remaining cells on the PDMS 
coupons were imaged with fl uorescence microscopy. 
This period of time was chosen because the fi rst 6 h after 
surgery (the so-called “decisive period”) are identifi ed as 
being critical for preventing bacterial adhesion in order 
to ensure the long-term success of the implant. [ 52 ]  During 
this period of time, there is a competition between inte-
gration of the material into the surrounding tissue and 
adhesion of bacteria to the implant surface. [ 53 ]  It was 
possible to measure the remaining cells on the modi-
fi ed surfaces and simultaneously discriminate between 
live and dead cells, or more, specifi cally, evaluate bacte-
rial membrane’s integrity (Figure  4 ). Unmodifi ed PDMS 
material allowed the adhesion of  P. aeruginosa  cells and 
most of them remained alive. Polydopamine-coated sur-
faces slightly decreased the adhesion of this strain as 
compared to the unmodifi ed PDMS but no signifi cant 
antimicrobial effect was observed. Polymyxin E immobi-
lization via two-step approach had no signifi cant effect 
on bacterial attachment but was responsible for a higher 
fraction of dead cells. Increasing the concentration of PE 
during this two-step approach immobilization, had no 
effect on anti-adhesive or antimicrobial properties of 
the coating. On the other hand, when polymyxin E was 
immobilized during dopamine polymerization (one-step 
approach), bacterial attachment was decreased to the 
same levels as the ones achieved by pDA coating alone 
but a higher fraction of dead cells could be found. For PB 
immobilization via two-step approach, it was possible to 
conclude that the increase of the concentration enhanced 
the antimicrobial and anti-adhesive properties of the 
PDMS coupons. Polymyxin B immobilization via one-step 
approach yielded similar results to PE as it led to a reduc-
tion of bacterial attachment to the same level as the pDA 
coating alone and an increase of the fraction of dead 
cells. 

    3.5.     Susceptibility of Cells Adhered to the Modifi ed 
Surfaces 

 Although the resistance to polymyxins as well as to other 
AMP has been slower than to antibiotics, [ 54 ]  it has been 
showed that  P. aeruginosa  exposure to subinhibitory 

levels of polymyxin B and E induces resistance toward 
higher, and otherwise lethal, levels of these antimicro-
bials. [ 39 ]  In order to evaluate if their covalent immo-
bilization could overcome this issue, the potential 
development of bacterial resistance toward these modi-
fi ed surfaces was assessed. In this assay, cells in contact 
with unmodifi ed PDMS and modifi ed PDMS surfaces 
were recovered and used to determine the minimal 
inhibitory and bactericidal concentrations of polymyxins 
B and E (Table  4 ). Results showed that cells adhered to 
PDMS functionalized with polymyxins B or E, using all 
the different approaches, exhibited the same or lower 
susceptibility pattern as cells adhered to PDMS or coated 
with pDA, suggesting no development of resistance 
during this period of time. The higher MBC found for 
adhered cells when compared to planktonic cultures was 
expected taking into consideration that adhered cells are 
inherently less susceptible than their planktonic counter-
parts. [ 55 ]  This fi rst evidence is very important and prom-
ising, however, it should be taken into consideration that 
4 h of adhesion may not be a suffi cient period of time to 
conclude about resistance development. To strengthen 
the non-appearance of resistance, further studies should 
be performed where cells in contact with modifi ed and 
unmodifi ed surfaces should be continuously recovered 
and allowed to adhere to new samples during a longer 
period of time. 

    3.6.     Effect of PDMS Modifi ed Surfaces on 3T3 Fibroblast 
Growth and Adhesion 

 Another important concern associated to the use of poly-
myxins is their toxicity, [ 23 ]  so the knowledge of their 
effect on the human cells is also crucial. To predict the 
effects of the functional coatings developed in this study 
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  Table 4.    Susceptibility (MIC and MBC) of adhered cells to unmodi-
fi ed polydimethylsiloxane surfaces (PDMS), polydopamine-coated 
PDMS (pDA), pDA-coated PDMS surfaces with immobilized PE and 
PB via two-step approach (two-step [PE] or two-step [PB]) and 
one-step approach (one-step [PE] and one-step [PB]). 

Cells recovered 
from

MIC (μg mL −1 ) MBC (μg mL −1 )

PDMS 2 8

pDA 2 8

Two-step [PE1] 2 8

Two-step [PE5] 1 2

One-step [PE1] 2 4

Two-step [PB1] 2 8

Two-step [PB5] 2 8

One-step [PB1] 2 8



Bio-Inspired Coating Strategies for the Immobilization of Polymyxins to Generate Contact-Killing Surfaces

 

www.MaterialsViews.com 1459© 2016  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

Macromolecular
Bioscience

www.mbs-journal.de

Macromol. Biosci. 2016,  16,  1450−1460

on mammalian cells, a cytotoxicity assay was performed 
(Figure  5 ). Results showed that further functionalization 
of pDA-coated PDMS surfaces with both polymyxins had 
no signifi cant effect on 3T3 fi broblast metabolic activity, 
which may be attributed to their covalent immobiliza-
tion without leaching. Moreover, it should be emphasized 
that, although in the present study, a higher concentra-
tion of polymyxins (1 and 5 mg mL −1 ) was used for their 
immobilization, a much lower concentration was actually 
immobilized on the surfaces (about 40%). 

     4.     Conclusions 

 The emergence of multidrug resistant bacteria and the lack 
of alternative therapeutic options have led to the revival of 
polymyxins. Although effective, some concerns have been 
raised about its development of bacterial resistance and 
toxicity. The present work showed that their immobiliza-
tion onto a surface greats hold potential to overcome these 
drawbacks. Immobilization of polymyxins B or E using a 
one-step pDA-based approach was able to prevent  P. aer-
uginosa  adhesion and kill a signifi cant fraction of the 
adherent ones, without leaching from the surfaces and 
causing no harm to mammalian cells. Polymyxin E exhib-
ited a better performance than PB as its immobilization 
onto PDMS generated surfaces with antimicrobial proper-
ties against  P. aeruginosa , regardless the immobilization 
approach applied. The overall results showed that dopa-
mine chemistry holds great potential for the immobiliza-
tion of other AMP, without compromise their antimicrobial 
activity. In addition, the immobilization of PE holds great 
potential in the development of materials to fi ght BAI.  
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