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Abstract
Infection of implanted medical devices is one of the major causes of nosocomial infections. A significant
proportion of the devices become colonized by bacterial biofilms, thus resulting in high morbidity and risk of mortality.
This study focuses on the non-specific covalent attachment of potent quorum sensing (QS) and biofilm inhibiting
compounds, furanones (FUs) and dihydropyrrol-2-ones (DHPs), onto glass surfaces by azide/nitrene chemistry.
The attachment of FUs and DHPs was confirmed by X-ray photoelectron spectroscopy (XPS) and contact angle
measurements. The modified surfaces were then assessed for their antibacterial efficacy against Staphylococcus
aureus and Pseudomonas aeruginosa using confocal laser scanning microscopy (CLSM). Both FU and DHP coated
surfaces were able to significantly reduce bacterial adhesion (p<0.001) with p-bromophenyl substituted DHP giving
maximum reductions of up to 93% and 71% against S. aureus and P. aeruginosa, respectively. Therefore, photoimmobilization of QS inhibitors is an effective technique to produce novel antibacterial biomaterial surfaces.
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Introduction
Infection of commonly used medical devices such as catheters,
cardiac pacemakers, intraocular lenses, dental implants, accounts for
60-70% of all hospital acquired infections (HAIs) [1]. The cost for
treatment ranges between $28-45 billion per annum in United States
alone [2]. Duration of hospital stay, mortality and morbidity are also
increased when infections are caused by multi-drug resistant bacteria
[3-5]. With no effective therapies currently available, device-related
infections are extremely difficult to treat. It has been estimated that
about 80% of these infections are associated with biofilm formation
on medical devices [2]. Biofilms on implants are upto 1000-fold more
resistant to antibiotics when compared to their planktonic counterpart
[6,7]. Therefore, the prevention of biofilm formation on biomaterials is
a preferable strategy than treatment.
Various strategies to control the formation of biofilm on medical
devices have been examined, including coating antibiotics such as
norfloxacin [8], minocycline-rifampin [9], impregnating chlorhexidine
[10], silver [11,12], and gendine [13] on the surface of the implants.
However, these coatings may reduce infections only over a relatively
short time frame as they are commonly dependent on the release of
the antimicrobial for activity. A comparative study revealed that
chlorhexidine, silver and minocycline-rifampin coated catheters lost
their antibacterial activity within 28 days [14]. In a clinic trial, central
venous catheters impregnated with silver had no significant effect in
controlling bacterial colonization, bloodstream infections and ICU
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mortality [15]. Thus, there is an urgent need to develop new strategies
to prevent bacterial infection on biomedical devices.
A marine alga, Delisea pulchra, from Australia produces
halogenated furanone (FU) compounds [16,17] that have the
ability to inhibit fouling by other marine organisms by blocking the
bacterial communication pathway known as quorum sensing (QS).
QS is a process where bacteria use various autoinducers (AI) or small
signalling molecules to communicate with each other. This process
plays an important role in controlling behavioural activities of bacteria
such as the formation of biofilm and virulence factors. Halogenated
FUs competitively bind to receptor proteins and displace the signalling
molecules [18-20]. This can result in inhibition of biofilm formation
of Gram-negative bacteria. However, most of the natural FUs are
toxic to human cells, thus limiting their use [21]. Therefore, a range
of FU analogues having low cytotoxicity have been synthesized which
maintain excellent activity against Gram-negative and Gram-positive
bacteria [22,23]. A few synthetic FUs have also been immobilized via
covalent attachment on biomaterial surfaces and which showed good
biofilm inhibitory activities in vitro and in vivo [24,25]. Halogenated
FUs have also been attached to surfaces by a non-specific covalent
attachment strategy; however, the activity of the compounds after
attachment was not reported [26,27].
Structural analogues of FUs, dihydropyrrol-2-ones (DHPs) [28],
also displayed excellent QS inhibiting activity with low cytotoxicity in
solution as well as after specific covalent attachment on surfaces [2931]. However, a direct comparison of the activity of FUs and DHPs
is lacking. Therefore, to better compare the effectiveness of FU and
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DHP immobilization strategies, the same techniques should be used to
evaluate their activities.
In this study, DHPs and FUs were immobilized on azidefunctionalized surfaces by photoactivation under UV light. The
antibacterial efficacy of the coated surfaces was assessed against
two common pathogenic bacteria, Pseudomonas aeruginosa and
Staphylococcus aureus. The attachment efficiency and antibacterial
activity of the resulting surfaces were also compared with previously
developed coatings where DHPs were attached via Michael addition
reaction.

Materials and Methods
Attachment of 4-azidobenzoic acid (ABA)
Glass coverslips (No. 1, diameter 13 mm D 263 M glass, ProSciTech,
Australia) were first cleaned in freshly prepared piranha solution (3:1
v/v concentrated sulphuric acid to 30% hydrogen peroxide) at 100°C
for 1 h. After thorough rinsing with distilled water, the clean coverslips
were rinsed once with absolute ethanol and air-dried. The substrates
were then silanized according to the previously developed method [30].
Briefly, the clean substrates were placed on steel mesh within a glass
vessel that contained a 3-aminopropyltriethoxysilane (APTS) solution
(10% v/v in dry toluene; 1 ml). The glass vessel was sealed and heated
at 140°C for 18 h. The coverslips were rinsed with dry toluene (x2),
absolute ethanol and air-dried. The APTS-coated coverslips were then
immersed in a solution of 4-azidobenzoic acid (ABA; 49.0 µM), 1-ethyl3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, 245.2
µM) and N-hydroxysuccinimide (NHS, 98.0 µM) in absolute ethanol
(1.5 ml), and agitated overnight at room temperature under dark room
conditions (Figure 1B). The ABA-functionalized surfaces were rinsed
twice with absolute ethanol and once with MilliQ water, air-dried and
stored under dark conditions before use.

Attachment of FU and DHP
The synthetic halogenated FU compounds (FU-1, 2 and 3; Figure
1A) were synthesized as described [32]. Similarly, DHP compounds
(DHP-1, 2 and 3; Figure 1A) were synthesized following the method
developed previously by Kumar and Iskander [29].
Stock solutions of FU (25 mg/ml in dichloromethane) and DHP (25
mg/ml in acetone) were prepared and 200 µl of the FU or DHP solution
was placed onto the ABA glass surface. After complete evaporation of
the solvent, the surfaces were irradiated under UV at 320 nm for 10
min in a CL-1000 Cross-linker (Ultra-Violet Products Ltd, Upland,
CA, USA) (Figure 1B). The unreacted FU and DHP were removed by
extensively washing the samples with dichloromethane and acetone
respectively, MilliQ water and absolute ethanol, then air dried and
stored in clean sterile container.

The angle between the droplet and the surface was measured using
a 50 mm Cosmicar Television Lens (Japan). Rame-Hart Imaging
software was used to calculate the contact angle. A minimum of fifteen
measurements were made on five samples of each FU and DHP.

Antibacterial activity
Bacteria (Staphylococcus aureus SA38 and Pseudomonas aeruginosa
PA01) from frozen stock (-80°C) were streaked on chocolate agar
(Oxoid, UK) and incubated at 37°C overnight. A colony of the bacteria
was taken from the plate and cultured overnight at 37°C in 15 ml
tryptone soya broth (TSB; Oxoid, UK). The bacteria were washed
twice with fresh TSB by centrifugation. The optical density (OD) of the
culture was adjusted to OD660=0.1 which corresponds to 1 × 108 cfu/ml.
In a 12-well plate, the surfaces to be tested were first sterilized
with 70% w/v ethanol for 30 min, then thoroughly washed with sterile
phosphate buffered saline (PBS) three times and finally placed in 4 ml
of the adjusted bacterial culture. The surfaces were incubated at 37°C
for 24 h. The media was then replaced by fresh TSB (4 ml) and further
incubated for 24 h at 37°C. Subsequently, the samples were washed
twice with PBS before examination by fluorescence microscopy.

Bacterial adhesion analysis
The glass samples with adherent bacterial cells were stained with
Live/Dead BacLight Bacterial Viability Kit (Molecular Probes, Inc.,
OR, USA) according to the manufacturers’ procedure and as described
in the literature for analysis of biofilms on surfaces [30,31]. Bacteria
were then fixed by adding 100 µl of 4% formaldehyde on each sample.
Microscopic observation and image acquisition were performed with
Olympus FV1200 Confocal Microscope. Images from 10 representative
areas on each of triplicate samples for each surface were taken and
analysed using ImageJ software [33]. The image analysis results were
reported as the average percentage coverage of live and dead cells in
the fields of view.
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X-ray photoelectron spectroscopy (XPS)
The surfaces were characterized using X-ray photoelectron
spectroscopy (XPS; ESCALAB220-iXL, VG Scientific, West Sussex,
England). The X-ray source was monochromated Al Kα and the photoenergy was 1486.6 eV with a source power of 120 W. The vacuum
pressure was ≤ 10-8 mbar.

Contact angle measurements
Contact angles were determined using a contact angle goniometer
(Rame-Hart, Inc. NRL USA, Model no. 100-00). Multiple drops of
deionized water were placed on each surface using a micro-syringe.
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Figure 1: (A) Chemical structures of FUs and DHPs used in this study (B)
Chemical vapour deposition of 3-aminopropyltriethoxysilane (APTS) on blank
glass coverslip followed by immobilization of FUs and DHPs via photoactivation
of azide groups on glass surface.
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Statistical analysis of data
Further analysis of the data was done by the one-way analysis of
variance (ANOVA) using GraphPad Prism 6.05 software. Post hoc
multiple comparisons were done using Tukey correction. Statistical
significance was set at 5%.

Results
XPS characterization of the coated surfaces
The surfaces were characterized by XPS at each step of the
immobilization sequence to ensure surfaces were successfully modified.
The XPS data collected for the blank (untreated), APTS, ABA, FU and
DHP coated surfaces are summarized in Table 1.
Changes in the elemental composition of carbon, nitrogen and
halogen indicate successful immobilization of FU and DHP on the
surfaces (Table 1). After functionalization with APTS, the carbon and
nitrogen percentages increased to 43.9% and 7.1% respectively when
compared to the blank glass (4.9% C, 0.5% N). Both the carbon and
nitrogen content increased even further to 46.2% and 8.1% respectively
when ABA was coupled with the amine surface. The subsequent
attachment of FU or DHP was confirmed by a further increase in
carbon percentage. Finally, the detection of halogens from the FU and
DHP compounds further confirmed the attachment of FUs and DHPs
(0.74-0.41% Br for FUs, 0.17% Br for DHP-1, 0.32% F for DHP-2 and
0.35% Br for DHP-3).
Analysis of the high-resolution C1s spectra of the APTS surface
demonstrated the presence of three distinct components C-H/C-C,
C-N and C=O at binding energies 284.9 eV, 286.1 eV and 288.2 eV
respectively. The N1s spectrum of the APTS surface showed two peaks at
399.6 eV and 401.4 eV corresponding to –NH2 and –NH3+ respectively.
After the subsequent attachment of ABA, two new additional peaks
in a 2:1 ratio emerged at 400.2 eV and 404.6 eV, which is a set of
characteristic peaks attribute to the azide functionality [34–36]. The
peak at 400.2 eV was assigned to the two terminal nitrogen atoms of
the azide and the peak at 404.6 eV was assigned to the central nitrogen
atom because of its low electron density compared to the terminal
nitrogen atoms. Furthermore, an additional peak at 289 eV (N-C=O)
in the carbon narrow scan was observed indicating that the coupling
reaction between the amine-terminated surface and carboxylic acid
of ABA successfully formed an amide bond. The characteristic azide
peaks were not observed after the subsequent treatment of the ABA
surface with FU or DHP, suggesting the azide functional groups were
consumed for the covalent linkage of FUs and DHPs. Instead, the N1s
spectra showed a peak corresponding to N-H at 399.5 eV which is
consistent with the formation of an –NH2 group on photo-activating
the azide, and also due to various side reactions of arylazides under UV
light [37]. Furthermore, a shift in the peak for N-C=O (from 289.0 eV to
288.7 eV) in the C1s spectra was also observed for all FU and DHP coated
surfaces along with broadening of the band, possibly due to addition of
C-Br or C-F, indicating successful attachment of FU and DHP.

attachment of ABA, which is expected due to the presence of the
hydrophobic aromatic ring in ABA. Subsequent attachment of FU and
DHP resulted in similar contact angles to the ABA surfaces, due to the
presence of different hydrophobic moieties (alkyl chain, phenyl ring
and halogen atoms) on the FU and DHP compounds.

Antibacterial activity
The adhesion of S. aureus and P. aeruginosa on the modified surfaces
were evaluated using fluorescence microscopy, and representative
images are shown in Figure 2. The total surface area covered by bacteria
and the relative proportion of live and dead bacteria (stained green and
red respectively) were evaluated by image analysis and the results are
shown in Figure 3.
Figures 2A and 2B show microscopy images of live (green) and
dead (red) S. aureus cells adhered to coated and control surfaces, where
extensive colonization and biofilm formation can be seen on the ABA
control (Figure 2A). Figures 2C and 2D show images for adhesion of
P. aeruginosa on the surfaces. Both strains of bacteria displayed similar
level of bacterial colonization on the ABA control surface (Figures 2A
and 2C). The adhesion of both strains of bacteria on blank and APTS
glass (data not shown) was similar to that reported in literature [30].
The bacterial coverage of both strains on all the FU and DHP coated
surfaces was significantly lower than the process control.
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Table 1: XPS analysis and contact angle measurements of blank, ABA, FU and
DHP coated surfaces.

S. aureus

P. aeruginosa

A – ABA

C – ABA

B – DHP-3

D – DHP-3

Contact angle measurements
The modified surfaces were also characterized by determining the
contact angle after every modification step (Table 1). A significant
change in contact angle was observed for APTS surface (from 20°
to 73°), indicating an increase in surface hydrophobicity due to the
aliphatic carbon chain of APTS which is hydrophobic in nature. The
contact angle remained approximately the same (67°) after surface
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Figure 2: Fluorescence microscopic images of glass surfaces after adhesion
of S. aureus and P. aeruginosa to ABA process control (A and C); DHP-3
coated surfaces (B and D). Live bacterial cells stained green and dead
bacteria stained red. Magnification 200x. Scale bar=100 µm.
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The image analysis results for S. aureus showed significant
reductions in overall bacterial coverage of 75.4 ± 5.0%, 80.9 ± 4.1%,
74.8 ± 4.2% for FUs 1-3 and 75.6 ± 5.8%, 89.9 ± 1.6%, 93.4 ± 1.1% for
DHPs 1-3 respectively compared to the ABA control surface (p<0.001)
(Figure 3A). Amongst these, the most effective compounds were FU2, DHP-2 and DHP-3, which displayed comparatively lower bacterial
coverage than other coated surfaces (p<0.05). There was no significant
difference in the percentage of bacterial cells stained red (dead bacteria)
between the controls and modified surfaces.
The attachment of P. aeruginosa on the FU and DHP coated surfaces
was found to be significantly lower than the control, with reductions of
54.8 ± 2.2%, 68.7 ± 1.7%, 52.9 ± 3.0% for FU 1-3 and 55.9 ± 2.8%, 54.3
± 2.1%, 71.23 ± 1.4% for DHP 1-3 respectively (p<0.001) (Figure 3B).
In this case, FU-2 and DHP-3 gave maximum reduction in bacterial
attachment compared to other FU and DHP surfaces (p<0.05). Similar
to S. aureus, no significant difference was observed in the percentage of
dead cells between the control and modified surfaces.

Discussion
Tens of millions of medical devices are used each year, and in spite
of advances in biomaterial technologies, a significant proportion of the
devices are colonized by bacterial biofilms, resulting in device failure
and infections. The formation of biofilms on biomedical devices is
therefore a serious problem that is very difficult to treat.
In the present study, various potent QS inhibiting compounds, FUs
and DHPs, were covalently immobilized on glass surfaces by a non-
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Figure 3: Percentage bacterial coverage of live and dead bacteria for (A) S.
aureus and (B) P. aeruginosa (mean ± standard error of the mean); *indicates
p<0.001 compared to APTS and ABA control; × indicates p<0.05 compared
to FU surfaces; ^indicates p<0.05 compared to DHP surfaces.
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specific attachment strategy and the antibacterial efficacy of the resultant
surfaces was assessed. XPS analysis indicated the successful attachment
of FUs and DHPs via the described photoactivation strategy with FUs
having slightly higher attachment efficiency compared to the DHPs. All
the covalently bound FUs and DHPs were able to significantly reduce
colonization of both Gram-positive (S. aureus) and Gram-negative (P.
aeruginosa) bacteria on the surfaces. Surfaces immobilized with FU-2,
DHP-2 and DHP-3 were found to be the most potent against bacterial
adhesion of S. aureus, whereas for P. aeruginosa, the most active
surfaces were coated with FU-2 and DHP-3. While all compounds were
effective in reducing bacterial adhesion, FU-2 and DHP-3 displayed the
best broad spectrum antibacterial activity. The high level of reduction
in adherent bacteria displayed by DHP-3 (93% and 71% of reduction
against S. aureus and P. aeruginosa respectively) is consistent with
reports in the literature [29,30]. A previous study has also examined the
efficacy of DHP-3 by covalently grafting it on the surface via a Michael
addition reaction [30]. A higher surface concentration of DHP-3 was
achieved via the non-specific azide reaction (0.35% Br) described in
this study than by the Michael addition reaction (0.21% Br).
Numerous studies have demonstrated that an increase in surface
concentration of an active compound leads to better antibacterial
activity [25,38]. Surprisingly, in this study DHP surfaces have displayed
potent activity even at low concentration. Among all the compounds
used in this study, DHP-1 gave the least attachment (0.17% Br) to the
surface but displayed a similar level of activity as FU-1 (p<0.05) which
gave a maximum attachment (0.74% Br). This discrepancy could be
due to the orientation of DHP on the surface, making it more available
for antimicrobial activity compared to a similar concentration of FU.
Similarly, FU-3 was expected to display maximum efficacy amongst all
the FUs due to its high activity in solution and also high attachment
efficiency (0.65% Br) [22,39]. Instead, FU-2 displayed the best activity
out of all FUs at lower surface concentration (0.41% Br) with reductions
of 81% and 69% of adherent S. aureus and P. aeruginosa respectively,
while FU-3 displayed reductions of 74% and 52% for S. aureus and P.
aeruginosa respectively.
Several strategies have been explored in the past to immobilize
QS inhibiting compounds on the surfaces to inhibit biofilm formation
[31,40,41]. For example, a furanone derivative has been physically
adsorbed on various polymer surfaces commonly used for medical
devices [40]. However, such a non-uniform coating is highly prone to
leaching and gradual loss of the active compound. In another approach,
FUs and DHPs were coated on surfaces via specific attachment
strategies [30,31,41]. Although this attachment strategy overcomes
the limitations of uneven coating and leaching, it requires extensive
modification of the compound for surface attachment. Any structural
change or modification of the active compound may also result in
decrease in activity. The non-specific attachment strategy employed in
this study does not require structural modification or functionalization
of the compound. Also, unlike the previous attachment strategies, the
azide reaction described in this study is much faster, making it easier
and more convenient to implement. This study is the first to investigate
the antimicrobial activity of photo-immobilized DHPs on surfaces.
DHPs act by interfering with the bacterial QS system. In particular,
DHPs are able to disrupt the N-acyl homoserine lactones (AHL)
regulated QS system in Gram-negative bacteria [29]. The mechanism
through which DHPs inhibit QS is postulated to be similar to that
of FUs, that is, via displacing the AHL signal from the receptor site
without affecting bacterial growth [19,39,42,43]. Surface immobilized
DHPs were capable of interfering with the AHL regulated las QS
system in P. aeruginosa, thereby inhibiting biofilm formation [31].
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In the current study, about 97% of adherent bacteria on the coated
surfaces were alive, supporting the previous data that FUs and DHPs
act without killing the bacteria and exerting no selective pressure on
the bacteria to develop resistance [24,30]. Therefore, it is likely that
the FU and DHP surfaces generated in this study act through the
same mechanism of action for Gram-negative bacteria. On the other
hand, for Gram-positive bacteria, the mode of action of FU and
DHP is still not fully understood. Research investigating the effect of
the AHL, N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12HSL), on S. aureus showed that the mode of action of 3-oxo-C12-HSL
involves inhibition of the agr-dependent QS system by binding to the
cytoplasmic membrane of S. aureus [44]. Similarly, two new classes
of compounds recently identified, one derived from 3-oxo AHLs and
other from 3-acyl tetronic acids, have displayed agr QS inhibitory
activity in S. aureus [45]. In another study, the mechanism of action
of a derivative of AHL was found to be through the dissipation of the
membrane potential and pH gradient of S. aureus and Bacillus cereus
[46]. Therefore, it is possible that FUs and DHPs, which are structurally
related to AHLs, inhibit QS of Gram-positive bacteria via an indirect
approach through the interaction with the bacterial cell membrane.
In the current study, we have demonstrated an effective and
versatile technique for the immobilization of QS inhibitors as
antibacterial coatings. All the FU and DHP coated surfaces were able
to reduce adhesion of S. aureus and P. aeruginosa, the most common
pathogens associated with biomaterial infections. This suggests
that the non-specific attachment of FUs and DHPs to the highly
reactive azide groups does not impair the antibacterial activity of the
compounds, indicating that the compounds retain their activity even
after attachment. Since prior functionalization of compounds was not
needed, it is a fast and easy technique for developing novel coatings for
prevention of infections of biomedical devices.
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