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ABSTRACT: Infections resulting from the formation of
biofilms on medical devices remain a significant clinical
problem. There is growing consensus that coatings displaying
multiple defense mechanisms, such as low biofouling
combined with surface active antimicrobial agents, is required.
Quorum sensing (QS) is a bacterial mechanism used to
coordinate their collective behavior. QS can also be exploited
for antimicrobial purposes, to minimize colonization and
biofilm formation by hindering bacterial communication. We
have investigated a poly(ethylene glycol) (PEG) based multifunctional coating that allows the covalent incorporation of the
synthetic QS inhibitor 5-methylene-1-(prop-2-enoyl)-4-(2-fluorophenyl)-dihydropyrrol-2-one (DHP) with a surface providing
reduced cell attachment and bacterial adhesion. The simple coating, which can be applied using either a one- or two-step
procedure, provides the first example for a multifunctional surface offering a combination of a quorum sensing inhibitor with a
low biofouling background. X-ray photoelectron spectroscopy (XPS) was utilized to confirm the coating formation and the
incorporation of DHP. L929 mouse fibroblast cell attachment and cytotoxicity studies demonstrated the low biofouling and
biocompatible properties of the coatings. Bacterial colonization assays using Staphylococcus aureus and Pseudomonas aeruginosa
demonstrated the ability of these combination coatings to reduce the formation of biofilms. Importantly, the results demonstrate
that the DHP remained active after covalent incorporation into the coating.
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1. INTRODUCTION

For many people suffering from disease, trauma, and old age,
the development of medical devices has greatly improved their
quality of life. On the other hand these devices have also
introduced new medical challenges. In particular, device-related
infections have emerged as an increasingly significant problem.
These infections, if not prevented or treated, can lead to
significant morbidity and mortality. Here, the medical device
that comes into contact with the biological environment also
provides a surface for bacteria to attach and proliferate, leading
to the formation of biofilm communities, which are exceedingly
difficult to extinguish once they are established.1 Current
treatments and preventative measures rely on the use of
antibiotics, quaternary ammonium coatings or antimicrobial
compounds such as silver being released from the surface of
medical devices.2 However, concerns about the development of
bacterial resistance toward antibiotics and the cytotoxicity of
silver and quaternary ammonium compounds limit the
application of these techniques. Hence, there is a significant
need for the development of effective coatings that are able to

successfully prevent the attachment and growth of bacteria
without any adverse effects.
The nonspecific adsorption of proteins and other bio-

molecules onto synthetic surfaces plays a significant role in the
biological response to synthetic materials and is known to
mediate the initial stages of mammalian cell attachment as well
as microbial attachment.3 A range of polymer-based coating
strategies have resulted in the effective reduction or prevention
of nonspecific protein adsorption. In addition, their effective-
ness in regard to cell and microbial attachment has been
demonstrated.4 In the case of bacteria, this also has the effect of
minimizing the ability to colonize and form biofilms. Successful
strategies of particular interest include high-density graft
polymer coatings made from charge neutral hydrophilic
polymers such as poly(ethylene glycol) (PEG), polyacrylamide,
poly(2-hydroxylpropyl methacrylamide), and poly(2-hydroxyl-
propylacrylamide), zwitterionic polymers such as poly(2-
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methacryloyloxyethyl phosphorylcholine) and poly-
(carboxybetaine methacrylate), poly(2-hydroxyethyl methacry-
late) (pHEMA), poly(N-vinylpyrrolidone) (PVP), and natu-
rally occurring polymers such as dextran.5−9 However, simple
cross-linked coatings have also shown to be effective in both
preventing protein adsorption and attachment of various
bacterial strains.10−13 In both cases, PEG-based coatings have
received most of the attention as a result of its availability,
biocompatibility and excellent low-fouling properties.14

Another attractive strategy is interference with the
communication between bacteria known as quorum sensing
(QS). QS is a mechanism employed by bacteria that utilizes
chemical signaling to coordinate bacterial communities to alter
their collective behavior including in biofilm formation.15 A
number of naturally occurring halogenated furanone com-
pounds, also known as fimbrolides produced by the Australian
red alga (Delisea pulchra), have been identified to disrupt the
QS mechanism of several bacteria.16 In addition, it has been
demonstrated that fimbrolides may retain their activity when
covalently immobilized onto surfaces, reducing bacterial
adhesion of several pathogenic bacteria including Staphylococcus
aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, and
Serratia marcescens.17,18 The downside of naturally occurring
fimbrolides is that most of them are cytotoxic toward
mammalian cells. To address this problem, we successfully
synthesized 1,5-dihydropyrrol-2-one (DHP) compounds and
have demonstrated excellent antimicrobial properties while
maintaining low cytotoxicity toward mammalian cells.19 In
addition, the ability of DHPs to provide QS inhibiting
properties has been demonstrated even after covalent attach-
ment onto surfaces both in vitro and in vivo.20−22 In vitro
studies confirmed the activity of immobilized DHP toward both
S. aureus and P. aeruginosa, reducing their colonization on
surfaces,21 whereas in vivo studies in a S. aureus subcutaneous
mouse model showed a significant reduction in bacterial load in
the implant sites of polyacrylamide beads.22

With the increasing use of implants to alleviate tissue
dysfunction, trauma, and disease, it is imperative that device
surfaces provide maximum resistance capabilities toward
biofilm formation to minimize associated bacterial infections.
Although both low fouling coatings and bactericidal coatings
show promising outcomes in regard to reducing biofilm
formation, the development of multifunctional coatings that
display multiple defense mechanisms, such as low-fouling
characteristics combined with the display of surface active
antimicrobials is expected to lead to more effective prevention
of biofilm formation and improved clinical outcomes.23,24

In this study, we have investigated the first example of a
PEG-based low-fouling platform coating that allows the specific
incorporation of the QS inhibitor DHP to reduce bacterial
colonization. The versatile platform coating can be applied
easily using commercially available precursors while allowing
for the incorporation of DHP into the coating via one or two-
step procedures. The coating retained its low biofouling
properties even after the incorporation of DHP as demon-
strated by an L929 cell attachment assay. Furthermore, S. aureus
and P. aeruginosa adhesion assays demonstrated that the coating
significantly reduced bacterial attachment while maintaining the
QS inhibiting property of the DHP.

2. EXPERIMENTAL SECTION
2.1. Synthesis of 5-Methylene-1-(prop-2-enoyl)-4-(2-fluoro-

phenyl)-dihydropyrrol-2-one (DHP). DHP was synthesized

according to a previously established method.19,21 Briefly, 5-hydroxy-
5-methyl-4-(2-fluorophenyl)-dihydropyrrol-2-one (0.23 g; 1.11 mmol)
was first dissolved in dry dichloromethane (DCM) (10 mL) and dry
tetrahydrofuran (THF) (1 mL), followed by addition of triethylamine
(1.5 mL; 10.76 mmol) and a few crystals of hydroquinone while
stirring and cooling in an ice bath. A solution of acryloyl chloride (1
mL; 9.56 mmol) in DCM (3 mL) was added dropwise over 10 min.
The mixture was stirred further for 3 h and the solvent was removed
under vacuum. The residue was chromatographed on silica gel using
DCM as the eluent to yield the diacrylate product as a pale yellow
solid (0.18 g; 50%).

The diacrylate product was then dissolved in dry DCM (4.5 mL),
followed by the addition of trifluoroacetic acid (0.5 mL). This mixture
was stirred at room temperature for 2 h and the resultant solution was
washed twice with saturated sodium bicarbonate solution. The product
was then purified by chromatography using DCM as the eluent to
yield 5-methylene-1-(prop-2-enoyl)-4-(2-fluorophenyl)-dihydropyrrol-
2-one (DHP) as an off-white solid. (74 mg; 55%) M.P.: 121−122 °C.
1HNMR δ (CDCl3): 7.18−7.55 (m, 4H, ArH), 6.66 (d, 1H, −CH= ),
6.54−6.61 (dd, 1H, =CH2), 6.24 (s, 1H, H3), 5.91−5.95 (d, 1H,
=CH2), 5.25 (d, 2H, =CH2).

2.2. Allylamine Plasma Treatment. Allylamine plasma coatings
were obtained using a custom built reactor according to a previously
established procedure.25 Briefly, tissue culture polystyrene (TCPS) 48
well plates (Thermo-Scientific, Nunc, Roskilde, Denmark) were placed
on the lower rectangular electrode of the plasma reactor in a glass
chamber (height = 350 mm, diameter = 170 mm). The distance
between the lower and upper electrodes was 150 mm. The allylamine
monomer (Sigma-Aldrich, 98%) was degassed 5 times prior to
deposition. The deposition was carried out twice for 25 s with an initial
pressure of 0.2 mbar (200 kHz, 20 W).

2.3. PEGDAP Coating and Incorporation of DHP. Poly-
(ethylene glycol) diglycidyl ether (PEGDGE) (Sigma-Aldrich, 6000
Da) and 1,3-diaminopropane (DAP) (Sigma-Aldrich, ≥ 99%) were
dissolved in Milli-Q water to produce a 2 mM PEGDGE-based cross-
linking solution (PEGDAP) (PEGDGE:DAP molar ratio of 2:1 or
1:1). DHP was dissolved in ethanol to afford a 3 mg/mL solution; this
solution was also diluted to 1.5 mg/mL concentration. DHP was
incorporated into the PEGDAP coatings in one-step or two-step
procedures. For the one-step incorporation 175 μL of the 2 mM
PEGDAP (both 2:1 and 1:1) solutions were pipetted into the wells of
a freshly allylamine plasma-treated 48-well TCPS plate. Subsequently
175 μL of the 3 and 1.5 mg/mL DHP solutions were respectively
added to the to the PEGDAP solution containing wells. The lids of the
containers were covered and the plates were placed in a 60 °C shaker
oven overnight for the drying of the solutions (18 h). The plates were
then immersed in fresh Milli-Q water and washed over 5 h with 5
changes of fresh Milli-Q water, followed by ethanol washing over 3 h
with 5 changes of fresh ethanol. DHP was also incorporated into the
PEGDAP coatings via two two-step procedures, using incubation and
drying methods. Initially, PEGDAP background coatings were
prepared via the placement of 175 μL of the 2 mM PEGDAP
solutions (both 2:1 and 1:1) into the wells of a freshly allylamine
plasma treated 48 well TCPS plate. The lids of the plates were covered
and the solution was allowed to evaporate overnight (18 h). Once dry,
the plates were washed in fresh Milli-Q water over 5 h with 5 changes
of fresh Milli-Q water, and then allowed to dry in air. Subsequently,
175 μL of 3 mg/mL DHP solution were pipetted into the wells of the
PEGDAP coated plates. For the drying method, the plate was placed
into a shaker oven at 60 °C until dry for 6 h. For the incubation
method, the plate was covered, sealed and placed on an orbital shaker
for 24 h. Subsequently both the plates were washed with fresh Milli-Q
water over 5 h with 5 changes of fresh Milli-Q water followed by
ethanol washing over 3 h with 5 changes of fresh ethanol. The plates
were then allowed to dry in air in a laminar flow cabinet.

(The prepared surfaces are labeled as follows: XPEGDAP-DHP-YZ -
where X denotes the PEGDGE:DAP ratio, Y denotes the coating
preparation procedure (OS: one-step, ITS: incubated two-step, and
DTS: dried two-step) and Z denotes the DHP concentration in mg/
mL).
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For L929 cell attachment assays, the plates were used as prepared.
For 48 h, Staphylococcus aureus and Pseudomonas aeruginosa bacterial
adhesion assays, the bottom sections of the wells were removed using a
12 mm drill punch and the cutout disks were used in the assays.
2.4. XPS Analysis. X-ray photoelectron spectroscopy (XPS)

analysis was performed using an AXIS Ultra DLD spectrometer
(Kratos Analytical Inc., Manchester, UK) with a monochromated Al
Kα source at a power of 54 W (4.5 kV × 12 mA) for survey spectra
and 144 W (12 kV × 12 mA) for high resolution scans. The total
pressure in the main vacuum chamber during analysis was typically
between 1 × 10−9 and 1 × 10−8 mbar. Survey spectra were acquired at
a pass energy of 160 eV. To obtain more detailed information about
chemical structure, oxidation states, etc., high-resolution spectra were
recorded from individual peaks at 40 eV pass energy (yielding a typical
peak width for polymers of 1.0 eV).
Each specimen was analyzed at an emission angle of 0° as measured

from the surface normal. Assuming typical values for the electron
attenuation length of relevant photoelectrons the XPS analysis depth
(from which 95% of the detected signal originates) ranges between 5
and 10 nm for a flat surface.
Data processing was performed using CasaXPS processing software

version 2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements
present were identified from survey spectra. The atomic concen-
trations of the detected elements were calculated using integral peak
intensities and the sensitivity factors supplied by the manufacturer.
2.5. Cell Attachment Studies. L929 mouse fibroblasts (cell line

ATCC−CCL-1, Rockville, MD) were used to investigate cell
attachment and spreading on samples. Cells were cultured in
minimum essential medium (MEM, Life Technologies, USA)
containing 10% (v/v) fetal bovine serum (FBS, Sigma-Aldrich) and
1% (v/v) nonessential amino acids (Life Technologies, USA). Cells
were harvested with TrypLE Express (Life Technologies, USA) to
produce a single cell suspension. Cells were collected by centrifugation
at 300 g for 5 min at 4 °C and resuspended in media at 1 × 106 cells/
mL of media.
Prior to cell seeding, all samples were preincubated with a double

strength antibiotic-antimycotic solution (Anti-Anti, Life Technologies,
USA) in phosphate buffered saline (PBS) for 1 h at room temperature.
Cells were seeded into sample wells along with tissue culture
polystyrene (TCPS) control surfaces at 2.5 × 104 cells/cm2 and
incubated at 37 °C, 5% CO2 for 24 h. Samples were photographed
under bright-field using an Olympus IX-71 inverted microscope.
MTS assays can be utilized to determine cell viability based on

metabolic activity of cells. Therefore, an MTS assay was employed to
determine which surfaces allow the least cell attachment relative to the
TCPS control by measuring the metabolic activity of any adherent
cells. Stock solutions of 4 mM, 3-(4,5-dimethylthiazol-2-yl)-5(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS,
Promega) in PBS and 3 mM of phenazine methosulfate (PMS,
Sigma) in PBS were used to make up a mixture of MTS and PMS
reagent. A working assay reagent solution was made up by addition of
2 mL of MTS and 100 μL of PMS stock solutions per 10 mL of
complete medium. Media was removed from the sample and control
wells and washed with 500 μL of fresh medium; subsequently, 365 μL
of the assay reagent solution was added to wells then incubated for 3 h
at 37 °C, 5% CO2.
For colorimetric analysis, plates were read in a BioTek plate reader

at wavelengths 490 and 655 nm. The difference in readings at the two
wavelengths was used to calculate cell attachment compared to TCPS.
2.6. Cytotoxicity Studies. Cytotoxicity assessment of materials

was performed according to the International Standard ISO10993−5/
12. Tested surfaces were in the 48-well plate format. Untreated TCPS
control surfaces and PEGDAP-DHP coated surfaces were incubated
with 300 μL per well with complete minimum essential medium
(MEM, containing 10% (v/v) FBS and 1% (v/v) nonessential amino
acids for 66 h in a sealed humidified chamber placed on a rocker
(Seoulin Mylab) at 20 rpm at 37 °C in a 5% CO2 incubator.
Media from test wells was removed and serially diluted at 1 in 2

with cell culture medium from neat to afford 50, 25, and 12.5%
dilutions. One hundred microliter aliquots of neat incubated medium

and its dilutions were added in quadruplicate to wells previously
seeded with L929 cells (18,000 cells per well, 16 h) in a 96 well plate
format. Additional controls were added to wells containing preseeded
cells; medium alone, 5%, and 10% (v/v) dimethyl sulfoxide (DMSO,
Sigma) in medium. The plate was subsequently incubated for 21 h (37
°C, 5% CO2). An MTS assay was performed to assess cell viability as
previously described for cell adhesion studies.

2.7. Staphylococcus aureus and Pseudomonas aeruginosa
Biofilm Assays and Detection of Quorum Sensing. The strains of
bacteria used for this study were Staphylococcus aureus (S. aureus strain
38) and Pseudomonas aeruginosa (P. aeruginosa MH602 harboring the
lasB-gfp(ASV) fusion plasmid).20 These strains were streaked onto
Luriae Bertani (LB) agar and incubated overnight at 37 °C. A single
colony was cultured overnight in 10 mL of tryptone soya broth (TSB;
Oxoid, UK) medium at 37 °C. The resulting bacteria were collected by
centrifugation and resuspended in the same volume of TSB twice.
Optical density of the resulting culture was adjusted to OD660 = 0.1
(108 CFU/mL) in TSB. For P. aeruginosa MH602, gentamicin was
added to the adjusted culture to a final concentration of 40 μg/mL.
Previously prepared sample cutouts, were disinfected with 70% w/v
ethanol/water and air-dried before being placed individually in 12-well
plates, followed by addition of 3 mL of the bacterial suspension. The
plates were incubated at 37 °C with shaking at 120 rpm for 24 h. The
surfaces were then gently rinsed twice with phosphate buffered saline
(PBS) to remove nonadherent bacteria before examination by
fluorescent microscopy.

For S. aureus 38, samples with adherent bacteria prepared as
described above were stained with Live/Dead BacLight Bacterial
Viability Kits L-7007 (Molecular Probes, Inc., Eugene, OR) according
to the manufacturer’s procedure. Briefly, 2 μL of the two components
were mixed thoroughly in 1 mL of PBS. Ten microliters of the solution
were then trapped between the sample and the glass microscopy slide
and allowed to incubate at room temperature in the dark for 15 min.
For the P. aeruginosa MH602 QS reporter assays, samples were
immersed in 1 mL of PBS containing 2 mL/mL Hoechst 33342 dye
for 1 h. The samples were observed and imaged with an Olympus
FV1200 Confocal Inverted Microscope. The laser intensity was
adjusted and thereafter kept constant throughout the duration of the
experiment. Images from 10 representative areas on each of duplicate
samples for each surface were taken.

All confocal images were analyzed using ImageJ software, which
measured the area fraction covered by green (live) or red (dead) cells
(for S. aureus) or by blue (Hoechst positive, total cells) or green (GFP
expressing) cells (for P. aeruginosa) in the field of view. The results are
mean values of three independent experiments.

2.8. Statistical Analysis. A minimum of three experimental
repeats (n ≥ 3, unless otherwise specified) were used in each study and
the results are presented as mean ± standard error. Statistical
significance was determined by an independent Student’s t test, and a
confidence level of 95% (p < 0.05) was considered to be statistically
significant unless otherwise mentioned.

For bacterial attachment assays data were analyzed by the one-way
analysis of variance (ANOVA) using IBM SPSS Statistics software
(version 22). Differences between the groups were analyzed using post
hoc Dunnett’s T3 test, and results with p < 0.05 were considered
significant.

3. RESULTS AND DISCUSSION

3.1. PEGDAP Coating Preparation and DHP Incorpo-
ration. Plasma treatment is a commonly used technique to
introduce functional groups on various material surfaces.26,27

Although versatile and strongly adherent coatings can be
achieved by this method, because custom plasma polymer-
ization instrumentation is utilized, optimization of the
deposition parameters may be required when different designs
or equipment are used. In this study, allylamine monomer was
used in the plasma treatment of tissue culture polystyrene
surfaces to introduce amine functional groups. Subsequently,
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solutions containing poly(ethylene glycol) diglycidyl ether
(PEGDGE) and diaminopropane (DAP) (with a PEGDGE:-
DAP ratio of 2:1 or 1:1) was dispensed onto the allylamine
plasma coated (ALAPP) tissue culture polystyrene (TCPS)
surfaces. The epoxide groups of the PEGDGE are able to react
with the amines present on the allylamine coating as well as the
DAP in solution, allowing for covalent surface immobilization
and cross-linking to take place between the PEG polymers
(Figure 1). Each amine functionality can react with up to two
epoxide groups,28 leading to the formation of a cross-linked

coating (PEGDAP dry thickness = 30.7 ± 0.6 nm, determined
via profilometry). In addition, the use of epoxy-amine chemistry
provides the advantages of not relying on initiators, catalysts or
an inert atmosphere,28 which can be an obstacle for other
polymer grafting methods.29,30 The PEGDGE:DAP ratio of 2:1
and 1:1 allows for cross-linking and also provides secondary
and/or unreacted amine groups. These amine species are then
able to provide conjugation points for amine reactive molecules
such as acrylates or epoxides.

Figure 1. Preparation of the PEGDAP coating and the incorporation of DHP using one or two-step methods. A TCPS substrate was treated by
allylamine plasma polymer (ALAPP) deposition to provide an amine functionalized surface. The ALAPP interlayer was then exposed to (a)
PEGDGE and diaminopropane and/or DHP. (b) For the two-step incorporation, DHP was incorporated following the preparation of the PEGDAP
coating.

Table 1. Elemental Composition of Surfaces As Determined by XPS (atomic concentrations in %) (n ≥ 3)a

surface O (%) N (%) C (%) F (%)

ALAPP 13.4 ± 0.1 12.5 ± 0.1 74.0 ± 0.1 0.1 ± 0.0
ALAPP+DHP 14.8 ± 0.2 10.6 ± 0.4 73.6 ± 0.2 1.1 ± 0.1
1:1PEGDAP 22.8 ± 2.6 4.5 ± 2.1 72.6 ± 0.5 0.0 ± 0.0
2:1PEGDAP 19.6 ± 0.1 8.3 ± 0.0 72.1 ± 0.2 0.0 ± 0.0
1:1PEGDAP-DHP-OS3 17.2 ± 0.2 5.0 ± 0.1 73.9 ± 0.2 3.9 ± 0.1
2:1PEGDAP-DHP-OS3 18.5 ± 0.4 6.5 ± 0.3 72.9 ± 0.3 2.2 ± 0.3
1:1PEGDAP-DHP-OS1.5 16.9 ± 0.1 5.0 ± 0.2 74.4 ± 0.2 3.7 ± 0.1
2:1PEGDAP-DHP-OS1.5 16.0 ± 0.4 7.5 ± 0.3 74.8 ± 0.2 1.8 ± 0.0
1:1PEGDAP-DHP-ITS3 30.1 ± 2.5 3.0 ± 1.2 66.2 ± 1.1 0.7 ± 0.2
2:1PEGDAP-DHP-ITS3 24.2 ± 1.4 6.3 ± 0.5 68.8 ± 0.9 0.7 ± 0.1
1:1PEGDAP-DHP-DTS3 26.4 ± 2.0 3.3 ± 0.9 68.7 ± 0.9 1.5 ± 0.2
2:1PEGDAP-DHP-DTS3 23.8 ± 0.7 3.8 ± 0.3 69.6 ± 0.2 2.8 ± 0.2

aThe surfaces are labelled as follows: XPEGDAP-DHP-YZ, where X denotes the PEGDGE:DAP ratio, Y denotes the coating preparation procedure
(OS, one-step; ITS,: incubated two-step; and DTS, dried two-step) and Z denotes the DHP concentration in mg/mL.
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With the number of device related bacterial infections being
on the rise and the increase in the number of antibiotic resistant
bacteria, it is necessary to utilize multiple strategies in
combating biofilm formation on devices surfaces and the
related bacterial infections. For this reason, in this study we
combined the QS inhibiting properties of DHP with the
PEGDAP coating to produce a multifunctional coating that is
able to reduce the attachment of bacteria while inhibiting their
QS capability. 5-Methylene-1-(prop-2-enoyl)-4-(2-fluorophen-
yl)-dihydropyrrol-2-one (DHP), a synthetic QS inhibitor for
bacteria,18 was synthesized using a previously established
method designed to introduce an acrylate functional group.
In earlier studies, DHP was directly immobilized onto amine
functionalized surfaces via Michael addition reaction to provide
antimicrobial properties to surfaces.21 The acrylate functional
group of the DHP allows for Michael addition reactions to take
place with primary as well as secondary amine functional
groups. The PEGDAP coating was prepared via the cross-
linking of PEGDGE and DAP, and following cross-linking,
primary and secondary amines are available for the acrylate
group of the DHP to react with. According to the incorporation
procedure utilized, DHP can be immobilized during or after the
coating preparation. The use of various methods of
incorporation in this study was to demonstrate the versatility
of the PEGDAP coating and to control the incorporation of a
bioactive compound, in this case the antimicrobial DHP, into a
low fouling coating while retaining its bioactivity.
3.2. XPS Analysis. X-ray photoelectron spectroscopy

(XPS) analysis was conducted to determine the successful
PEG coating of the ALAPP coated TCPS substrates and the
incorporation of DHP into the coating. As seen in Table 1 the
incorporation of the PEGDAP coating onto the ALAPP
interlayer led to a significant increase in the oxygen (O)
content of the surfaces, since every PEG repeat unit contains an
oxygen atom. DHP utilized in this study possesses a single
fluorine atom in its structure, hence identification of its
presence in the coating is made convenient since no other
coating precursor contains fluorine atoms. From the XPS
survey analysis it was possible to determine that in all DHP
treated surfaces, a significant amount of fluorine is present. In
addition, the effect of different incorporation methods on the
fluorine content, hence directly the DHP content of the
coatings can be observed. As shown in Table 1, the highest F
concentration was observed for 1:1PEGDAP-DHP-OS3 and
1:1PEGDAP-DHP-OS1.5 surfaces. This was expected since the
DHP is being immobilized during the cross-linking of the
coating allowing the DHP to be incorporated uniformly
throughout the coating. On the other hand for the two-step
incorporation methods, there was a significant, yet smaller F
content for the coatings. Because in the two-step methods, the
PEGDAP coating is preformed, the number of available free
amines in the cross-linked structure is reduced. Even though
because of its small size DHP would be able to diffuse through
the cross-linked structure, as a result of the reduced number of
reactive functional groups, a significantly smaller amount of
bound DHP is observed in the coating.
The coatings were prepared with PEGDGE:DAP ratios of

1:1 and 2:1 to determine if the amount of diamine cross-linker
impacted upon the extent of DHP incorporation. As seen in
Table 1, for both 1:1PEGDAP-DHP-OS3 and 1:1PEGDAP-
DHP-OS1.5 surfaces, a significantly larger F content (p <
0.001)was observed compared to their 2:1 counterparts. In the
1:1PEGDAP coatings, the amount of diamine cross-linker was

doubled. This allows for more conjugation points for DHP
especially for the one-step coatings, where the amine
functionalities are available directly during the coating process.
However, this trend was not observed for the two-step coatings,
as the availability of free amine functional groups would be
reduced once the cross-linking has already taken place and the
coating is washed.
Analysis of the C 1s high resolution spectra also supports the

incorporation of the DHP into the coatings. Figure 2 shows the

comparison of ALAPP, 1:1PEGDAP and 2:1PEGDAP, C 1s high
resolution spectra to their respective DHP incorporated
counterparts. For the ALAPP-DHP surface, an increase in the
N−CO shoulder of the C 1s spectra can be observed, which
corresponds to the acrylate group of the DHP. An increase in
the C−H peak for all of the one-step incorporated PEGDAP
samples can be observed compared to the control PEGDAP
coating following DHP incorporation. However, the C−O
region corresponding to PEG remains, which was not observed
in the ALAPP surfaces. In addition, the N−CO shoulder
becomes more prominent especially for the OS and DTS
surfaces where the DHP concentration is high.
XPS analysis of the PEGDAP-DHP coatings successfully

demonstrate that DHP can be incorporated into the coatings
and the incorporated amount can be controlled using one or
two-step methods. This in turn demonstrated that other
bioactive compounds maybe incorporated using any of the
incorporation methods used in this study, dependent on
compound properties such as solubility and molecular weight.

Figure 2. Comparison of C 1s high-resolution spectra for (a)
1:1PEGDAP and (b) 2:1PEGDAP coatings and the respective DHP
incorporated coatings. Significant changes in the C−H, C−O, N−C
O regions can be observed, demonstrating the successful deposition of
the PEGDAP coatings and the incorporation of DHP into these
coatings.
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3.3. Cell Attachment Studies. In a previous study, we
demonstrated that the PEGDAP coatings have outstanding
properties in regard to resisting protein adsorption and the
attachment of mammalian cells.31 PEG has been utilized for
many biomedical applications including drug delivery and tissue
engineering;32−34 all of them relying on the ability of PEG to
resist nonspecific protein adsorption. The reduction of
nonspecific biointerfacial interactions is also a desired feature
in the context of antimicrobial coatings, since this property can
provide a first layer of defense by resisting bacterial attach-
ment.11 However, in this study, the composition of the coating
was altered by the incorporation of DHP. For the PEGDAP-
DHP coatings to perform as a multifunctional coating, neither
the low-fouling, nor the QS inhibiting property of the coating
should be hindered. To determine if the incorporation of DHP
negatively impacts upon the low-biofouling properties of the
PEGDAP-DHP coatings, a cell attachment assay with L929
fibroblasts as a model cell type, was conducted.
Although L929 fibroblasts were able to significantly adhere

and expand on the TCPS and ALAPP treated surfaces, the cells
remained nonadherent and aggregated together on the control
PEGDAP surfaces (Figure S1). With the incorporation of DHP,
regardless of the incorporation procedure, the cells remained
rounded nonadherent (Figure S1). An MTS assay was also
carried out to quantify these observations (Figure 3) by

measuring the metabolic activity of any adherent cells, where a
significant reduction in metabolic activity, hence number of
adhered cells was observed for all PEGDAP coated surfaces. As
can be seen in Figure 3, greater than 97% reduction in cell
attachment was observed for all the PEGDAP samples with/
without DHP. Overall, the cell attachment study demonstrates
that immobilization of DHP within and on the PEGDAP
coatings does not hinder the low-biofouling and cell attachment
resistant capabilities of the coating.
3.4. Cytotoxicity Evaluation of the PEGDAP-DHP

Coatings. Any medical device that is to be implanted in
patients must not release any toxic compounds toward
mammalian cells. The same applies to the coatings on these
medical devices. The PEGDAP-DHP coatings are designed for
such applications and hence they need to conform to the same
standards. Previous studies demonstrated that the DHP and the

PEGDAP coating do not show cytotoxic properties.19,31,35 On
the other hand it is important to determine if the combined
coating retains these noncytotoxic properties. In order to
determine if any adverse compound was leaching from the
PEGDAP-DHP coatings, a cytotoxicity study with L929 cells
was conducted. In the cytotoxicity study, all of the PEGDAP
and PEGDAP-DHP coatings were tested. Initially the test
surfaces were incubated in complete medium for 66 h at 37 °C.
Subsequently, the incubated media and its dilutions (50, 25,
and 12.5%) were placed on previously seeded L929 cells and
the cells were incubated for 21 h. L929 cells were also grown in
fresh medium, medium incubated with TCPS, and 5 and 10%
(v/v) DMSO (in medium) as controls, respectively. Following
24 h incubation, an MTS assay was employed to determine cell
viability. All cytotoxicity studies were performed according to
the International Standard ISO10993−5/12 and cell viability
below 70% was considered cytotoxic.
For TCPS incubated media and the fresh medium controls,

no reduction in cell viability was observed. On the other hand, a
significant reduction was observed in the case of 5 and 10%
DMSO in medium (below 45 and 15%, respectively) as
expected (Figure S2). There was no reduction in cell viability
for any of the PEGDAP and PEGDAP-DHP incubated surfaces
regardless of the PEGDGE:DAP ratio and the DHP
incorporation method.
Overall this demonstrates that the noncytotoxic properties of

the PEGDAP coatings and the DHP are retained when
combined into a single coating.

3.5. Antimicrobial Activity by Fluorescence Micros-
copy. The PEGDAP-DHP coating is designed as an early
preventative measure to resist biofilm formation on surfaces by
combining low-fouling and QS inhibiting properties of PEG
and DHP. Even though L929 cell attachment studies
demonstrated the excellent low fouling capability of the
PEGDAP-DHP coatings, the ultimate test lies in bacterial
biofilm assays. Hence, 24 h colonization assays with S. aureus
and P. aeruginosa were conducted on the PEGDAP-DHP-
coated TCPS cutouts. Subsequently, fluorescent microscopy
was utilized to determine bacterial coverage on the test surfaces.
Extensive bacterial colonization was observed on the surfaces

of control TCPS, and ALAPP by both S. aureus and P.
aeruginosa (Figures 4 and 5). There was no significant
difference between the blank TCPS control and the ALAPP
samples for either bacterium (p > 0.05). The treatment with
DHP and PEGDAP significantly reduced the colonization of
both S. aureus and P. aeruginosa (Figures 4 and 5). Direct
immobilization of DHP on the ALAPP (ALAPP-DHP) surfaces
alone, demonstrated that DHP remained active after immobi-
lization with a reduction of bacterial adhesion of 80 and 82%
for S. aureus and P. aeruginosa, respectively (Figures 6 and 7).
For S. aureus, control TCPS and ALAPP cutouts exhibited

high bacterial coverage with extensive biofilm formation across
the sample surfaces (Figure 4). Previous studies36−38 using
PEG-based surfaces showed significant reductions in the
adhesion of S. aureus and S. epidermidis over 24 h. Similarly,
both the control PEGDAP coatings (2:1 and 1:1 PEGDGE:-
DAP ratio) and all of the DHP incorporated surfaces showed a
significant reduction in bacterial colonization and biofilm
formation compared to TCPS and ALAPP coated surfaces
(Figure 6). For the 1:1PEGDAP-DHP surfaces, no significant
difference (p > 0.05) was observed compared to the control
1:1PEGDAP surfaces with an average of 81% decrease in surface
coverage in comparison to TCPS and ALAPP (p < 0.001). All

Figure 3. L929 mouse fibroblast attachment on surfaces after 24 h
relative to TCPS in % obtained via MTS assay. All of the PEGDAP-
based coatings displayed low cell attachment, including after DHP
incorporation.
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of 2:1PEGDAP-DHP surfaces showed a significant reduction in
biofilm coverage with an average of 88% decrease compared to
TCPS and ALAPP (p < 0.001). Furthermore, an additional
38% reduction in bacterial coverage, compared to the 2:1PEG-
DAP control surface was observed (p < 0.05), indicating that
the incorporation of DHP into the 2:1PEGDAP coatings further
enhanced resistance to S. aureus adhesion and biofilm
formation. Importantly, there was no significant increase in
the proportion of dead bacteria for any of the modified surfaces,
indicating that the coating does not induce killing of the
bacteria. Such nonbactericidal approach is advantageous, as it
does not impose strong selective pressure on bacteria that is
observed for many antibiotics and therefore it is less likely that
resistance will develop to these coatings.39

For P. aeruginosa MH602, the lasB-gfp(ASV) fusion plasmid
provides resistance to gentamicin, hence gentamicin was added
to the adjusted culture to a final concentration of 40 μg/mL to
eliminate any cells that are not harboring the fusion plasmid.
For P. aeruginosa, significant bacterial coverage was observed on
both TCPS and ALAPP coated cutouts. All of the PEGDAP
and PEGDAP-DHP surfaces showed a reduction (80%) in
bacterial coverage compared to the TCPS and ALAPP surfaces
(p < 0.001) (Figure 7a). For the DHP incorporated surfaces, a
significant difference in the total number of bacteria was not
observed in comparison to the control PEGDAP surfaces,
indicating that the incorporation of DHP did not further

Figure 4. Fluorescence microscopy of S. aureus SA38 following a 24 h
colonization assay, on TCPS, ALAPP, PEGDAP and DHP
incorporated surfaces. The reducing effect of both PEGDAP coating
and the incorporation of DHP on S. aureus colonization can be
observed (scale bar = 50 μm).

Figure 5. Fluorescence microscopy of P. aeruginosa MH602 following
a 24 h colonization assay, on TCPS, ALAPP, PEGDAP, and DHP
incorporated surfaces. The reducing effect the PEGDAP-DHP coatings
on P. aeruginosa colonization can be observed. The green (quorum
sensing) and blue (total cells) fluorescence observed allows for
determination of quorum sensing bacterial ratio and demonstrate
activity of the incorporated DHP (scale bar = 50 μm).

Figure 6. Bacterial surface coverage on PEGDAP and PEGDAP-DHP
cutouts using S. aureus SA38. (* = p < 0.05). All of 2:1PEGDAP-DHP
surfaces showed a significant reduction in biofilm coverage compared
to TCPS and ALAPP (*** = p < 0.001). Further reduction in bacterial
coverage, compared to the 2:1PEGDAP control surface was observed
(p < 0.05) indicating DHP activity.
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enhance the resistance to P. aeruginosa attachment on the
PEGDAP-DHP surfaces. The P. aeruginosa strain MH602 used
in this study harbors the lasB-gfp(ASV) fusion plasmid,40 and
expresses the green fluorescent protein, GFP, when the QS
system is active. It has been demonstrated QS inhibitors block
expression of this reporter which is an indicator for the
identification of QS.40 Although, the total number of bacteria
on the PEGDAP-DHP surfaces was not statistically different
from the control PEGDAP surfaces, a significant reduction in
the number of QS bacteria was observed for all of the DHP
incorporated surfaces (Figure 7b). The ratio of QS cells to the
total cell number in Figure 7b demonstrates this reduction
clearly. Such reduction in QS is consistent with previous finding
of a DHP coating,20 indicating the combination with PEGDAP
did not hinder the QS activity of the DHP. A reduction in QS
would likely affect many of the QS regulated activities of P.
aeruginosa such as production of lytic enzymes (elastase,
staphylolysin, alkaline protease) and toxins (exotoxin A,
hydrogen-cyanide).41

Overall, the immobilization of the DHP within the PEGDAP
coatings regardless of the incorporation method did not hinder

the biological activity of DHP. Although a further reduction in
the number of bacteria was observed for S. aureus with the
2:1PEGDAP-DHP surfaces, the QS inhibiting property of the
DHP was demonstrated via the P. aeruginosa QS reporter assay
for all DHP incorporated surfaces, demonstrating both the low
fouling, and QS inhibiting property of the coatings.

4. CONCLUSIONS
We have successfully developed multifunctional antimicrobial
coatings, using simple one or two-step procedures, which
provide low-fouling properties while synergistically allowing the
display of a quorum sensing inhibitor, DHP. XPS analysis of the
coatings demonstrated the successful preparation of the
coatings as well as the covalent incorporation of DHP, which
is easily identifiable via the fluorine atoms that are present in
the DHP structure. The employed coating procedures also
allowed for the tuning of the amount of DHP incorporated into
the coating. The low biofouling properties of the coating were
investigated via an L929 cell attachment assay which showed
minimal cell attachment even after the incorporation of DHP.
Bacterial adhesion assays using P. aeruginosa and S. aureus,
showed resistance of the PEGDAP coating toward bacterial
colonization. Incorporation of the DHP further enhanced the
colonization-inhibiting capability of the coating. In the S. aureus
biofilm assay, a further decrease in bacterial attachment was
observed for the 2:1PEGDAP-DHP surfaces in comparison to
the 2:1PEGDAP surfaces alone. Furthermore, the number of QS
bacteria was significantly reduced in the P. aeruginosa QS
reporter assay in all of the DHP incorporated coatings,
demonstrating that the QS inhibiting property of the DHP
was maintained following covalent incorporation into the
coating. Ultimately, we have developed a simple and robust
multifunctional coating that is able to display both low-fouling
and QS inhibiting properties without hindrance of the
individual functionalities while allowing control over the
incorporation of the QS inhibitor.
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