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ABSTRACT: Materials and coatings that inhibit bacterial
colonization are of interest in a broad range of biomedical,
environmental, and industrial applications. In view of the rapid
increase in bacterial resistance to conventional antibiotics, the
development of new strategies that target nonessential
pathways in bacterial pathogensand that thereby limit
growth and reduce virulence through nonbiocidal means
has attracted considerable attention. Bacterial quorum sensing
(QS) represents one such target, and is intimately connected
to virulence in many human pathogens. Here, we demonstrate
that the properties of nanoporous, polymer-based superhydrophobic coatings can be exploited to host and subsequently sustain
the extended release of potent and water-labile peptide-based inhibitors of QS (QSIs) in Staphylococcus aureus. Our results
demonstrate that these peptidic QSIs can be released into surrounding media for periods of at least 8 months, and that they
strongly inhibit agr-based QS in S. aureus for at least 40 days. These results also suggest that these extremely nonwetting coatings
can confer protection against the rapid hydrolysis of these water-labile peptides, thereby extending their useful lifetimes. Finally,
we demonstrate that these peptide-loaded superhydrophobic coatings can strongly modulate the QS-controlled formation of
biofilm in wild-type S. aureus. These nanoporous superhydrophobic films provide a new, useful, and nonbiocidal approach to the
design of coatings that attenuate bacterial virulence. This approach has the potential to be general, and could prove suitable for
the encapsulation, protection, and release of other classes of water-sensitive agents. We anticipate that the materials, strategies,
and concepts reported here will enable new approaches to the long-term attenuation of QS and associated bacterial phenotypes
in a range of basic research and applied contexts.
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■ INTRODUCTION

Thin films and coatings that prevent or reduce the occurrence
of bacterial infections and biofouling are of potential utility in a
host of industrial, commercial, and biomedical contexts. Many
approaches to the development of antimicrobial or antifouling
surfaces have focused on the design of materials that can release
antibiotics or other biocidal agents to kill surface-associated or
nearby planktonic (nonsurface-associated) bacteria.1−5 Grow-
ing concerns related to evolved resistance and the decreased
efficacy of conventional antibiotics, however, have motivated
searches for new nonbiocidal strategies that could be used to
prevent infection and fouling more effectively.6−9 In this broad
context, approaches based on modulation of quorum sensing
(QS)the small-molecule or peptide-based signaling system
that governs many population-dependent behaviors in bacteria
and fungi10−12have emerged as attractive alternatives to
conventional microbiocidal approaches because they can
modulate and mitigate virulent behaviors without inducing
cell death.8,13,14

Our group15−20 and others21−26 have reported synthetic
compounds that act as potent inhibitors of QS in bacteria and
demonstrated recently that these “quorum sensing inhibitors”
(QSIs) and other nonbactericidal agents can be imbedded into
or immobilized onto a range of materials and surfaces.27−39

Those studies provide guiding principles useful for the
development of anti-QS-based approaches to preventing
bacterial virulence and fouling. However, many challenges
remain with respect to encapsulating, conferring appropriate
chemical protection, and controlling the release of these QSIs
in practical contexts. The work reported here takes a step
toward addressing several of these challenges through the use of
novel nonwetting surface coatings to promote the extended,
long-term release of macrocyclic peptide-based QSIs that
modulate virulence in Staphylococcus aureus, a notorious Gram-
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positive human pathogen. Our approach exploits the unique
physicochemical properties of nanoporous and “superhydro-
phobic” polymer-based coatings as matrices for the encapsu-
lation and chemical protection of water-soluble and water-labile
peptide structures.
We recently reported that thin films of rapidly dissolving

water-soluble polymers containing peptidic QSIs can inhibit QS
and substantially reduce QS-controlled toxin production in S.
aureus.29 In that study, we used carboxymethylcellulose as a
model water-soluble polymer and cyclic peptide 1 (Figure 1)
a potent synthetic QSI that can inhibit the agr-type QS circuits
in all four specificity groups of S. aureus at subnanomolar
levels16−18to design thin polymer coatings that can release or
“dump” QSI into surrounding media rapidly on exposure to
aqueous environments (e.g., over several minutes). That work
also demonstrated that peptide 1 released from film-coated
surfaces could strongly modulate QS in group-III S. aureus29

and provided potential means of inhibiting the production of
toxic shock syndrome toxin-1 (TSST-1), a causative agent of
staphylococcal toxic shock syndrome, in this bacterium.
We note that while the rapid release of QSIs would be useful

for certain potential applications (e.g., anti-infective wound
dressings, on tampons, or other disposables used or replaced
over short time periods),29 materials that release or deliver
QSIs over a broad range of time scales and conditions will be
necessary to develop anti-QS-based strategies for preventing
bacterial fouling or virulence in other contexts. These
challenges have been addressed, in part, through the covalent
attachment,30,33,35,36 physical adsorption,31 or encapsula-
tion27−29,32,37−39 of QSIs or other nonbactericidal agents on
surfaces,27−33,35,36,38 within degradable coatings,27,28,34 or as the
payloads of nanoparticle formulations.37,39 The study reported
here was motivated by the potential utility of surface coatings
that could inhibit QS for long periods (i.e., from weeks to
years), and thus prevent or reduce bacterial virulence and
fouling on interventional devices and implants (e.g., indwelling
catheters, etc.) or on other objects of commercial or industrial
importance that have long service lives or residence times.
To design coatings that could sustain the release of peptidic

QSIs for prolonged time periods, we investigated thin polymer-
based “multilayers” fabricated by the covalent layer-by-layer
assembly of branched polyethylenimine (PEI) and the amine-
react ive polymer poly(4,4-vinyldimethylazlactone)
(PVDMA).40,41 We selected this system for several reasons:
(i) PEI/PVDMA multilayers are chemically stable and
physically durable as a result of covalent cross-links formed
between polymer chains during assembly;42,43 (ii) these films
can be fabricated readily on a variety of topologically complex
substrates, including woven and nonwoven fiber mats and the

inner surfaces of tubes;43−46 (iii) the presence of residual
azlactone functionality on and within the films provides a
convenient reactive handle41,47 for the introduction of
secondary functionality that can be used to tune bulk and
interfacial properties;40,43,48−50 and (iv) PEI/PVDMA multi-
layers can be fabricated to have nanoporous morphologies that,
when combined with strategies for postfabrication functional-
ization noted above, can be used to design coatings that are
nonwetting to aqueous fluids and exhibit robust super-
hydrophobicity49−51 (superhydrophobicity is defined here as
having an advancing water contact angle (θ) greater than 150°
and a water droplet “roll-off” angle of less than 10°).52,53

We recently reported that the unique physicochemical
properties of superhydrophobic PEI/PVDMA multilayers
could be exploited to host and subsequently promote the
extended release of water-soluble small-molecule agents for a
period of ∼1 year upon immersion in aqueous environments.51

This superhydrophobicity-based approach is novel compared to
other methods for the long-term release of small molecules,
with prolonged release made possible through a mechanism
that involves the slow and gradual displacement of air trapped
in and around these porous and extremely nonwetting materials
by surrounding liquid media (shown schematically in Figure
2).51,54−56 The model compounds and active agents used in our
past study were of low molecular weight and relatively
hydrophobic, and could thus be loaded into superhydrophobic
coatings using a variety of organic solvents.51 In this current
study, we sought to determine (i) whether the properties of
these superhydrophobic coatings could be exploited to load and
sustain the release of substantially higher molecular weight and
water-soluble peptides, and (ii) whether these nonwetting
materials could protect, and thus also prolong the useful active
lifetimes, of water-labile peptides upon long-term immersion
and storage in aqueous environments. Here, we demonstrate
that superhydrophobic PEI/PVDMA coatings can be loaded
with water-soluble and water-sensitive peptide 1, and a related
fluorescent model QSI, without negatively affecting the
nonwetting properties of the polymer matrix. We further
demonstrate that these peptide-loaded superhydrophobic
materials can be used to protect and sustain the long-term
(at least 8-month long) release of these QSIs and report
coatings that can modulate QS and the QS-controlled
formation of S. aureus biofilms in in vitro environments for
prolonged periods without any effect on cell growth. This
approach for the controlled loading and release of water-
soluble, hydrolytically unstable agents is likely general, and may
also prove useful for the encapsulation, physical and chemical
protection, and release of other classes of bioactive molecules
and macromolecular agents.

Figure 1. Structures of the macrocyclic peptides used in this study. Peptide 1 is a potent QSI in S. aureus; peptide 1FL is a fluorescein-labeled analog
of peptide 1.
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■ METHODS AND MATERIALS
Materials. Branched poly(ethylenimine) (PEI, MW ∼ 25 000),

acetone, dimethyl sulfoxide (DMSO), dichloromethane, tetrahydrofur-
an (THF), 2,2′azoisobutyronitrile (AIBN), 5-(6)-carboxyfluorescein,
and n-decylamine were purchased from Sigma-Aldrich (Milwaukee,
WI). Peptide 1 was synthesized and purified as described previously.16

2-Vinyl-4,4-dimethylazlactone (VDMA) was generously provided by
Dr. Steven M. Heilmann (3M Corporation, Minneapolis, MN).
Poly(2-vinyl-4,4-dimethylazlactone) (PVDMA, MW ∼ 20 700; PDI =
2.4) was synthesized by free radical polymerization of VDMA in the
presence of 7 wt % intentionally-added cyclic azlactone-functionalized
oligomers using a previously reported method.49

Biological Reagents and Strain Information. All biological
reagents were purchased from Sigma-Aldrich and used according to
enclosed instructions. S. aureus strains AH167757 and RN6390B58

were grown in Brain-Heart Infusion (BHI) medium. S. aureus AH1677
is a methicillin-resistant group-I strain harboring a P3-gfp reporter
plasmid. Activation of the P3 promoter via the agr system in this strain
leads to GFP production. S. aureus RN6390B is a wild-type group-I
strain. Bacterial cultures were grown in a standard laboratory incubator
at 37 °C with shaking (200 rpm) unless noted otherwise. A Biotek
Synergy 2 microplate reader running Gen5 software was used to
measure absorbance and fluorescence of biological cultures.
Instrumentation and Methods. Reversed-phase high-perform-

ance liquid chromatography (RP-HPLC) was performed using a
Shimadzu system equipped with an SLC-10Avp controller, an LC-
10AT pump, a FCV-ALvp solvent mixer, and a SPC-10MAvp UV/vis
diode array detector. An analytical Phenomenex Gemini C18 column
(5 μm, 4.6 × 250 mm2, 110 Å) was used for analytical RP-HPLC work.
A semipreparative Phenomenex Gemini C18 column (5 μm, 10 × 250
mm2, 110 Å) was used for preparative RP-HPLC work. Contact angle

measurements were made using a Dataphysics OCA 15 Plus
instrument with an automatic liquid dispenser at ambient temperature.
Advancing and receding contact angles were measured using 5 μL
droplets of deionized water (18 MΩ). Fluorescence microscopy
images were acquired using an Olympus IX70 microscope and
analyzed using the Metavue version V7.7.8.0 software package
(Molecular Devices, LLC). Scanning electron micrographs were
acquired using a LEO 1530 scanning electron microscope (SEM) at
an accelerating voltage of 3 kV. SEM samples were coated with a thin
layer of gold using a gold sputterer operating at 45 mA under a
vacuum pressure of 50 mTorr for 40 s prior to imaging. All statistical
comparisons were made using Student’s t test.

Synthesis of Fluorescently Labeled Peptide 1FL. Linear
peptides were synthesized on Dawson Dbz AM resin (0.42 mmol/
g) using standard Fmoc-based solid-phase synthesis protocols59,60 with
an additional 2-h HBTU coupling of 5-(6)-carboxyfluorescein to the
N-terminus. Cleavage from the resin was performed using the Dawson
protocol to afford C-terminal peptide-Nbz.61 The linear peptide was
purified by RP-HPLC and subsequently cyclized using our previously
reported methods.16 The purity of the resulting fluorescein-labeled
cyclic peptide was assessed by analytical RP-HPLC (>99%) and its
identity was confirmed by exact mass measurement (calculated for
C58H69N8O14S

+ = 1133.4648; observed = 1133.4645).
Fabrication and Functionalization of Superhydrophobic

Coatings. Prior to film fabrication, glass slides were cut to appropriate
sizes, cleaned by sonication in a methanol/water solution, rinsed with
acetone, and then dried using filtered compressed air. Super-
hydrophobic PEI/PVDMA films were fabricated using a layer-by-
layer protocol.49−51 Briefly: (1) Glass substrates were immersed in an
acetone solution of PEI (20 mM with respect to the molecular weight
of the polymer repeat unit) for 20 s, (2) substrates were removed and
immersed in an initial acetone bath for 20 s, followed by a second
acetone bath for 20 s, (3) substrates were submerged in an acetone
solution of PVDMA (20 mM with respect to the molecular weight of
the polymer repeat unit) for 20 s, and (4) substrates were rinsed in the
same manner as described in step 2. This cycle was repeated until 100
PEI/PVDMA layers (or “bilayers”) were deposited. The volumes of
the polymer dipping solutions and rinse baths were maintained by the
addition of acetone as needed to replace solvent evaporation. Solutions
of polymer were replaced with fresh solutions after every 25 dipping
cycles; rinse baths were replaced with fresh acetone after every 20
dipping cycles. After fabrication, film-coated substrates were placed
directly into a decylamine solution (30 mM) in THF at room
temperature overnight. After this functionalization step, substrates
were rinsed with THF and dried under a stream of filtered,
compressed air.

Loading and Release of Peptides. Substrates coated with
superhydrophobic coatings fabricated as described above (1 cm × 1
cm) were prepared for loading and release experiments by first using a
razor blade to remove the entire coating from one side of the coated
glass substrates (the layer-by-layer dipping procedure described above
results in fabrication of a coating on both sides of a substrate; all
experiments in this study were performed using substrates for which
the coating on one side was physically removed prior to peptide
loading). For solvent-assisted loading, a 40-μL aliquot of dichloro-
methane was added directly to the surface of the film by pipet,
followed by a droplet of DMSO containing either peptide 1FL (2 μL; 1
mM; for experiments to characterize loading and release) or peptide 1
(10 μL; 1 mM; for biological experiments involving bacteria). These
solvent-treated samples were then allowed to air-dry overnight and
then broken in half to yield two samples 0.5 cm × 1.0 cm in size. For
release experiments designed to characterize peptide release profiles,
the short edges of the film-loaded substrates (0.5 cm × 1.0 cm) were
attached using Five-Minute Epoxy resin (ITW Devcon, Danvers, MA)
to the lids of 96-well microtiter plates in a manner that allowed them
to be suspended simultaneously in PBS buffer (200 μL; pH 7.4)
contained in the wells of the plates when the lid was attached. The
film-coated substrates were removed periodically, the concentration of
peptide 1FL in solution was measured using fluorometry, and the film-

Figure 2. Schematic illustrations showing a nanoporous super-
hydrophobic PEI/PVDMA multilayer coating (gray) loaded with a
model water-soluble agent (red) upon immersion in water (blue). (A)
Upon initial immersion, the films are surrounded by a layer of trapped
air and contain smaller pockets of air (white) trapped within the pores
of the film; the presence of these pockets of air limits the contact of
water with the surface and the interior of the film. (B) Eventual
wetting of the surface of the film results in more intimate contact with
water and the release of the water-soluble agent imbedded near the
surface of the coating. (C) Gradual penetration of water into the
interior of the coating results in the gradual release of the agent
imbedded in the interior of the coating.

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.5b00313
ACS Biomater. Sci. Eng. 2015, 1, 1039−1049

1041

http://dx.doi.org/10.1021/acsbiomaterials.5b00313


coated substrates were placed in fresh buffer. Each experiment was
performed in triplicate.
Incubation of Peptide-Loaded Films in the Presence of

Bacteria. Release experiments performed in the presence of bacteria
were conducted in a similar manner to that described above, with the
exception that the film-coated substrates attached to the lids of 96-well
microtiter plates were suspended in wells containing (i) growth
medium and bacteria or (ii) wells containing PBS (no growth medium
or bacteria). Cultures of bacteria used in these experiments were
prepared using specific strain-dependent procedures described in the
sections below. For these experiments, samples were incubated in wells
containing media and cells for 24 h and then moved to a plate
containing PBS buffer for 30 s (to remove any attached bacteria and
media components), moved to a new plate containing PBS buffer for
another rinse, and then placed into wells containing PBS (without
bacteria or nutrients). After a predetermined period of time (usually
between 1−6 days after the previous exposure to bacteria), the
substrates were removed from PBS and again suspended in wells
containing growth medium and bacteria for 24 h. This cycle of 24 h
exposure to bacteria and incubation in PBS buffer was repeated
multiple times over the course of these experiments (see main text).
Samples of bacterial cultures resulting from these experiments were
characterized using fluorescence reporter assays or crystal violet
biofilm assays as described below.
GFP Reporter Gene Assay. An overnight culture of S. aureus

AH1677 was diluted 1:50 with fresh BHI medium and 200 μL of that
diluted culture was added to the wells of a black 96-well microtiter
plate. Bacteria were incubated in the presence of film-coated substrates
for 24 h (see procedure described above for additional details), and the
fluorescence (excitation, 500 nm; emission, 540 nm) and optical
density (OD600) of each well (in the absence of substrate) were then
characterized using a plate reader.
Crystal Violet Biofilm Assay. An overnight culture of S. aureus

RN6390B was diluted 1:100 with fresh BHI medium augmented with
1% glucose, and 200 μL of that diluted culture was added to the wells
of a clear 96-well microtiter plate. Bacteria were incubated in the
presence of film-coated substrates for 24 h at 37 °C under static
conditions (see procedure described above for additional details).
Amounts of biofilm formation in each well were quantified using a
modified crystal violet assay.62,63 Briefly: OD600 values were measured
for each well prior to decanting the liquid culture. The wells were then

washed gently with 250 μL of PBS three times. The 96-well plate was
then incubated at 55 °C for 1 h to fix the biofilm bacteria, and 200 μL
of crystal violet solution (0.1%) was added to the wells and incubated
for 5 min. Each well was then washed twice with 200 μL of water and
treated with 30% acetic acid for 15 min with slight agitation. The
absorbance of each well at 595 nm was then characterized using a plate
reader.

■ RESULTS AND DISCUSSION

Fabrication and Characterization of QSI-Loaded Coat-
ings. For all of the studies described below, we used
nanoporous PEI/PVDMA multilayers ∼80 μm thick fabricated
by reactive layer-by-layer assembly and functionalized by
treatment with n-decylamine to impart superhydrophobicity
(Figure 3A, B; see Materials and Methods for details of film
fabrication and characterization).49−51 Characterization of these
coatings revealed them to have micro- and nanoscale pores and
other topographic features similar to those reported in past
studies (by SEM, Figure 3C, D) and average advancing water
contact angles (θ) of 155 ± 1°.49−51 We selected peptide 1
(Figure 1) as a model QSI for loading into these coatings
because this peptide has been demonstrated to be one of the
most potent inhibitors of agr-type QS in S. aureus reported to
date.16 The loading of peptide 1 into our multilayer films,
however, provided an initial challenge. Our past study
demonstrated that certain types of small-molecule water-soluble
agents could be loaded into superhydrophobic multilayers
(which are extremely nonwetting to aqueous solutions) when
dissolved in organic solvents, such as acetone, that readily wet
and penetrate into these porous materials.51 While this
approach to loading is useful with many types of small-
molecule agents, peptide 1 is insoluble in all common solvents
other than water, DMSO, and acetonitrile/water mixtures.
Aqueous solutions of peptide 1 applied to the surfaces of these
coatings beaded up immediately and rolled off of the coatings,
and solutions of peptide 1 in DMSO or water/DMSO mixtures

Figure 3. (A, B) Schematic showing the functionalization of (A) amine-reactive azlactone groups in micro/nanoporous PEI/PVDMA multilayer
coatings by (B) postfabrication treatment with n-decylamine. (C, D) Low- and high-magnification SEM images of decylamine-treated multilayers
showing micro- and nanoscale porosity and other topographic features.
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failed to wet or penetrate the surfaces of these coatings in a
manner sufficient to permit high loading.
To develop an approach that would enable peptide 1 to be

loaded into these superhydrophobic coatings uniformly, we
adapted a two-step solvent-assisted approach developed
previously for the deposition and patterning of aqueous
solutions of proteins on superhydrophobic PEI/PVDMA
films.64 We performed a series of experiments in which
solutions of peptide in DMSO were brought in contact with
superhydrophobic films that were temporarily infused with a
volatile organic solvent (dichloromethane, DCM; Figure 4A,
B). To facilitate characterization of loading (and the subsequent
release) of peptide in experiments described below, these
studies were performed using peptide 1FL, an analog of peptide
1 covalently labeled with the fluorophore fluorescein (Figure
1). The addition of droplets of DMSO containing peptide 1FL
(2 μL, 1.0 mM; 2.0 nmol) to these DCM-saturated films
resulted in the immediate spreading and penetration of the
DMSO solution into the coating (over an area of 1 cm2 in these
proof-of-concept experiments; Figure 4C, D). Subsequent
evaporation of both solvents yielded films containing peptide
1FL. Characterization of peptide-treated surfaces by fluores-
cence microscopy revealed green fluorescence distributed over
the entire film-coated substrate, suggesting that solutions of
DMSO were able to wick into and spread uniformly within the
solvent-treated multilayers (Figure 4F; a representative image
of a film prior to peptide loading is shown in Figure 4E for
comparison).
Our past study on the use of this solvent-assisted approach to

pattern and impregnate superhydrophobic PEI/PVDMA films
with proteins (bovine serum albumin, 66.5 kDa) revealed large
changes in the wetting properties of protein-treated coatings

specifically, those films became highly hydrophilic (θ ∼ 0°)
after treatment with protein, resulting in surfaces that were
rapidly wet and infiltrated by water when immersed in aqueous
solutions.64 In contrast, the contact angles of films treated with
peptide 1FL here remained essentially unchanged (values of θ
before and after peptide loading were ∼155 ± 1°; Figure 4G,
H). This result suggests that the peptide is not located or
presented at the film/air interface and that the bulk of the
loaded peptide resides in the interior of these porous coatings.
We conclude that solvent-assisted loading provides a
convenient and practical approach to loading water-soluble
peptides into superhydrophobic substrates in ways that do not
compromise the underlying nonwetting behavior of the porous
polymer matrix. We also note that, relative to our past
immersion-based approach to the loading of small molecules
into these materials,51 the approach used here permits precise
and known quantities of peptide (or combinations or more
than one peptide) to be loaded and varied over a broad range
simply by control over the composition, volume, and/or
concentration of the droplets used to treat the surface, or by
subjecting the surfaces to multiple different cycles of solvent-
assisted loading.

Superhydrophobic Coatings Promote the Long-Term
Release of Peptidic QSIs. Objects coated with peptide-
loaded superhydrophobic films remained surrounded by a
visible layer or “jacket” of trapped air when they were
submerged in PBS buffer at 37 °C (as shown schematically in
Figure 2A; consistent with the results of our past studies and
other superhydrophobic surfaces in the Cassie−Baxter
state),51,54−56,65 and released peptide 1FL into solution over a
period of at least 8 months. Figure 5A shows a representative
release profile for film-coated glass slides loaded with 1.0 nmol

Figure 4. (A−D) Schematic illustrations showing the organic solvent-assisted approach used to load water-soluble peptides 1 and 1FL into
superhydrophobic PEI/PVDMA multilayers. (A) Films as-fabricated (white) are superhydrophobic and resist wetting by water or DMSO (θ >
150°). (B, C) Temporary wetting by dichloromethane yields films (gray) that are readily wet by DMSO (θ < 90°). (C) Addition of a droplet of
DMSO containing a known concentration of peptide (dark green) results in the rapid penetration and spreading of the solution into the bulk of the
film. (D) Removal of solvents by evaporation yields films impregnated with peptide (light green) that are superhydrophobic and resist wetting by
water to extents similar to unloaded films in A (θ > 150°). (E, F) Representative fluorescence microscopy images showing (E) a superhydrophobic
film prior to the loading of peptide 1FL and (F) a superhydrophobic film after the loading of peptide 1FL using the solvent-assisted approach shown in
A−D. (G, H) Images showing the advancing contact angles of water droplets placed on superhydrophobic multilayers (G) prior to (θ ∼ 155 ± 1°)
and (H) after (θ ∼ 155 ± 1°) the loading of peptide.

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.5b00313
ACS Biomater. Sci. Eng. 2015, 1, 1039−1049

1043

http://dx.doi.org/10.1021/acsbiomaterials.5b00313


of peptide 1FL. Inspection of these data reveals ∼15% of the
loaded peptide to be released over the first several days of
incubation, followed by the linear release of an additional ∼40%
over the remainder of the 240-day experiment. Fluorescence
microscopy images of films acquired during this experiment
revealed a substantial decrease in total fluorescence after 240
days (Figure 5C), but that the peptide was not completely
released over this time period, consistent with the release
profile shown in Figure 5A (a representative image of a loaded
film prior to incubation is shown for comparison in Figure 5B).
Characterization of release profiles beyond 240 days in this

experiment was complicated by the onset of partial
delamination of the films from their underlying substrates,
which was associated with the frequent handling of the
substrates during these release experiments. However, on the
basis of the results shown in Figure 5A, we estimate these films
to have the potential to sustain the release of remaining
imbedded peptide for up to an additional 9 months (∼17
months for complete release of peptide 1FL). Films loaded with
higher amounts of peptide 1FL (2 nmol) exhibited release
profiles with salient features that were similar to those shown in
Figure 5A (e.g., an initial burst release, followed by an extended
period of relatively linear release for at least 365 days prior to
the onset of film delamination; Figure S1). We note, however,
that the magnitude of the burst release was higher for those
films (∼30%; Figure S1), suggesting that, at higher loadings,
more peptide may reside near the surfaces of the films (or,
alternatively, that the peptide could begin to influence the
surface or bulk wetting properties of these materials in ways

that allow water to penetrate more rapidly; see discussion
below). Additional physicochemical characterization will be
required to characterize relationships between peptide loading
and peptide release profiles more completely, and to under-
stand the ways in which these parameters could be exploited to
tune the rates and extents of peptide release under various
conditions.
The release profile shown in Figure 5A is, in general,

consistent with the release profiles reported in past studies for
the long-term release of water-soluble small-molecules from
superhydrophobic PEI/PVDMA films.51 It is also consistent
with a proposed release mechanism that involves the gradual
and slow displacement of pockets of air trapped around and
within the bulk of these superhydrophobic coatings by the
surrounding aqueous media (as noted above and shown
schematically in Figure 2).51,54−56 The higher rate of release
that occurs over the first several days is similar to “burst release”
profiles observed for many other polymer-based controlled
release systems,66 and likely occurs as a result of the partial
wetting of some surface features upon initial immersion,
followed by the subsequent faster release of small amounts of
peptide residing near the surface of the film. The observation
that release slows down substantially after this initial period
(and is maintained at a steady rate of ∼1.6 pmol/day
thereafter) suggests that water does not penetrate rapidly into
the bulk of these porous materials, even after an initial breach
or partial wetting of the surface of the coatings. We believe that
the relatively unique “bulk” or “internal” superhydrophobicity
of these porous coatings50,51,64 plays a critical role in this
context. Many conventional superhydrophobic coatings, for
example, are nonporous and allow water to wet their surfaces
(and thus allow water to penetrate and infiltrate their
underlying substrates) rapidly once their outermost low energy
surface barriers are breached. In contrast, the internal features
of porous superhydrophobic materials can confer “bulk”
superhydrophobicity that can prevent the rapid ingress of
water into the bulk of these materials (and, in the work
presented here, slow the subsequent release of peptide residing
in the bulk of the material) even after surface super-
hydrophobicity is compromised.51,54−56 Porous materials
exhibiting such “bulk” superhydrophobicity thus appear
particularly well-suited for controlled release applications in
which long-term release is desired.51,55,67

In addition to providing means to promote extended release
profiles, the ability of these porous superhydrophobic materials
to halt, limit, or substantially slow the ingress of water also has
potential practical implications with respect to increasing the
stability and long-term storage/release of active agents that can
be hydrolyzed or otherwise degraded by contact with water.
Peptide 1 and peptide 1FL, for example, have macrocyclic
structures specifically designed to interact with AgrC-receptor
proteins in S. aureus,16,17 but these cyclic structures are
maintained by water-labile thioester bonds. Thioester bonds
of this type typically hydrolyze (with pH-dependent half-lives of
approximately 4−72 h) in physiologically relevant media to
yield linear peptides that are biologically inactive.68 The
hydrolytically degradable nature of these bonds may ultimately
be important for native AIP-type ligands in the context of
regulating QS signaling in bacteria,69 but they are a liability with
respect to the storage and maintenance of reservoirs of active
peptide in wet environments (that is, if water were to penetrate
a thin film containing these peptides quickly, the peptides
would be rapidly converted to an inactive formin addition to

Figure 5. (A) Plot showing the release of peptide 1FL from substrates
coated with peptide-loaded superhydrophobic PEI/PVDMA multi-
layers containing 1.0 nmol of peptide as a function of time incubated
in PBS buffer (see text for details). Results are shown as the total
amount of peptide released over time and as a percentage of the total
amount of peptide loaded. (B, C) Representative fluorescence
microscopy images showing (B) a superhydrophobic film loaded
with peptide 1FL prior to incubation and (C) a superhydrophobic film
loaded with peptide 1FL after incubation for 240 days.
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increasing the likelihood of more rapid release from the water-
logged polymer matrix). Accordingly, a “bulk” superhydropho-
bic matrix that prevents or slows the entry of water could also
help prevent or limit contact with water until the point at which
the peptide is released into surrounding media (thus providing
a means to protect the peptide from degradation and increasing
the likelihood that the peptide is released in its cyclic, QS-active
form for the duration of the extended period over which it is to
be released). The results of bacterial assays using peptide 1-
loaded films described below provide general support for this
view.
QSI-Loaded Coatings Modulate QS and Biofilm

Formation in S. aureus for Prolonged Periods. To
determine whether the peptide released from these materials
is released in a QS-active formand whether this approach
could be used to design coatings that prevent or attenuate
virulence factor production and biofilm formation in clinically
relevant contextswe conducted a series of experiments in
which peptide-loaded superhydrophobic films were incubated
directly in bacteria-containing media. We used two assays to
characterize the biological activity of the released peptides: (i) a
quantitative fluorescence-based assay using a group-I S. aureus
reporter strain that produces GFP under QS control,57 and (ii)
a biofilm production assay using a wild-type group-I S. aureus
strain.58 We selected group-I S. aureus for these experiments
because it is frequently linked to invasive disease and is
considered one of the more clinically relevant groups among
the four S. aureus agr classes.69

For all of the experiments described below, we used
superhydrophobic PEI/PVDMA films loaded with peptide 1
(Figure 1), rather than fluorescein-labeled peptide 1FL, because
peptide 1FL contains a fluorophore that could mask character-
ization of activity in the GFP reporter assay. As noted above,
peptide 1 is also one of the most active inhibitors of agr-based
QS reported in S. aureus (e.g., IC50 = 485 pM in group-I S.
aureus).16,17 The lack of a fluorescent label, however, prevented
us from directly characterizing the release of peptide 1 from
peptide-loaded films. We therefore used films loaded with 5.0
nmol of peptide 1, an amount five times higher than that used
in the experiments described above using peptide 1FL, to
increase the likelihood that the amount of peptide released into
solution over any 24 h period would be sufficient to yield
concentrations above its IC50. All long-term bacterial assays
were conducted using a continuous “challenge-and-hold”
approach, in which peptide-loaded films were repeatedly (i)
“challenged” by incubation in fresh bacteria-containing media
for a 24-h period and then removed, rinsed, and (ii) “held” by
incubation in buffer free of bacteria or nutrients prior to a
subsequent challenge with bacteria (see Materials and Methods
for additional details). This approach permitted us to
characterize the biological activity of released peptide and
challenge peptide-loaded films directly over multiple 24 h
periods during the extended incubation and continuous release
of peptide.
Using the S. aureus GFP reporter strain assay to monitor

peptide activity, we observed the in situ release of peptide 1 to
limit the production of GFP (and thereby agr-type QS) to less
than 10% (relative to control coatings without loaded peptide)
through the first 28 days of these experiments (representative
results are shown in Figure 6A; see Materials and Methods for
details of assay protocol). Optical density measurements
performed as part of these GFP assays revealed that these
reductions in fluorescence did not arise from bacterial cell death

(Figure S3). Characterization of samples at later time points
(e.g., days 42 and 56) revealed that GFP production began to
increase but was still lower than that observed for untreated
controls (all values from days 1 through 42 were statistically
significant (p < 0.05)). This experiment was discontinued after
day 56 because visual inspection revealed signs of film
delamination and cracking at these longer time points. This
behavior was similar to that observed during experiments to
characterize release profiles (discussed above) but occurred
much earlier in these experiments, presumably due to the
additional repetitive washing and media changes required by
these bacterial assays. We attribute the decrease in inhibition of
GFP production at 42 and 56 days to result, at least in part (see
discussion below), from these physical changes. Support for this
view is provided by the results of otherwise identical
experiments in which film delamination was not observed;
production of GFP remained low for up to 56 days in those
experiments (Figure S2A).
Dilution of released peptide 1 solutions into PBS (by 10−

1000 fold) and the subsequent characterization of these
solutions in our GFP reporter assay revealed a clear dose-
dependent activity trend (see Figure S4), with peptide solution
activity decreasing gradually over time. For example, 10-fold
dilutions of released peptide solution still showed almost
complete inhibition of GFP production after 7 days, whereas
100-fold dilutions showed a marked drop in activity by day 2.
These results, when combined, suggest (i) that solvent-assisted
loading and physical contact with these superhydrophobic
coatings does not significantly limit the ability of peptide 1 to

Figure 6. Plots of (A) fluorescence versus time and (B) biofilm
formation versus time, normalized to controls, for the (A) S. aureus
GFP reporter strain and (B) wild-type S. aureus incubated with
peptide-loaded coatings during extended challenge-and-hold experi-
ments (see text). Black bars show results for experiments using
peptide-loaded films; white bars show results for control experiments
using nonpeptide-loaded films. All experiments were performed in
replicates of four; # indicates lack of significance (p > 0.05).
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inhibit AgrC-I activity in S. aureus, and (ii) that this approach
can be used to sustain the release of peptide in amounts
sufficient to strongly inhibit this receptor, and thus also inhibit
agr-type QS, over a period of ∼2 months.
Perhaps more importantly, these results suggest that

encapsulation of peptide 1 in a superhydrophobic coating can
confer some level of protection against hydrolysis during long-
term storage in aqueous media. Specifically, peptide 1 remains
active when it is released at later time points, even after having
been immersed in an aqueous environment for prolonged
periods. Without the protection of the coating, the thioester
bond in the loaded peptide would have been hydrolyzed and
rendered inactive if it had been solvated by water during the
entirety of these prolonged release periods (t1/2 ≈ 4−72 h; see
discussion above). The fact that levels of inhibition were
reduced at longer times in some experiments (e.g., Figure 6A;
attributed, at least in part, to changes in film morphology as
described above) could also hint that this form of protection
may not be perfect. It is possible, for example, that reductions
in inhibition observed at days 42 and 56 could also result from
reductions in the amount of active, unhydrolyzed peptide that is
released at those time points. We note here that these two
effects could also be related (that is, film delamination, if it
occurs, could enable more rapid entry of water; this would, in
turn, result in more rapid hydrolysis of the peptide). More
extensive analytical studies will be required to characterize the
percent hydrolysis of peptides contained within or released
from these films as a function of incubation time and water
penetration. Nevertheless, in the context of this current study,
we conclude that these superhydrophobic coatings enable the
release of bioactive peptide at amounts above IC50 at time
points well beyond what would be expected if water were to
penetrate the films and hydrate or dissolve the peptide rapidly.
Finally, we characterized the ability of these peptide 1-loaded

films to modulate biofilm formation, an important virulence
phenotype that is also at least partially under the control of agr-
type QS in S. aureus.69,70 Unlike many other known bacterial
QS systems, inhibition of agr-type QS in S. aureus promotes
biofilm formation rather than biofilm inhibition.71,72 Indeed, S.
aureus uses QS to disperse from biofilms and upregulate toxin
production at high cell densities. The former phenotype
appears to be more relevant under chronic infection conditions,
whereas the latter may play a more significant role in acute
infections.73 Their interplay, however, is quite complex during
bacterial colonization and both QSIs and QS agonists are of
interest for therapeutic control in different stages and types of
infections.69,74 Accordingly, we reasoned that films containing
peptide 1, a QSI, should promote biofilm formation in S. aureus
when the peptide was released.
We characterized the ability of peptide 1-loaded super-

hydrophobic films to stimulate biofilm growth in wild-type
group-I S. aureus using a standard static biofilm assay that
quantifies biofilm growth via crystal violet staining (see
Materials and Methods for assay details).62,63 We tested
samples of peptide 1 released from films at specific 24-h time
points over several weeks using the same “challenge-and-hold”
approach used in the GFP reporter strain experiments above.
We observed a significant increase in biofilm formation over at
least 42 days of peptide release, consistent with our findings in
the reporter gene assay (Figure 6B; see Figure S2B for the
results of additional experiments). Over this time period, the
amount of increased biofilm growth at each time point was
similar and ∼30−40% higher than the levels promoted by

samples from control wells containing films that did not contain
peptide 1 (differences at 7 and 42 days were statistically
insignificant (p > 0.1); see Figure 6B).
Taken together, the results of these biofilm growth assays

and the GFP reporter assays directly measuring AgrC-I activity
indicate that these peptide 1-loaded superhydrophobic coatings
release active peptide at levels sufficient to inhibit agr-type QS
in group-I S. aureus over at least 4−5 weeks. The results
reported here are likely influenced, at least in part, by the assay
format used for these proof of concept studies. It is likely that
these release and inhibition periods could be extended or
modulated in future studies by manipulating peptide loading
levels or other variables such as the thickness, porosity, or
degree of chemical functionalization of the coatings. We note
again that stimulating biofilm growth, as evaluated here, may or
may not be a desirable biomedical outcome (e.g., depending on
infection type, etc.).74 Such stimulation would, of course, be
interesting for research purposes, however, as many funda-
mental questions remain about the interplay between QS and
biofilm formation in S. aureus and its role in disease. In view of
our past studies demonstrating the ability of peptide 1 to
strongly inhibit toxin production in S. aureus (e.g., production
of hemolysin and TSST-1),16 we anticipate that these peptide
1-loaded coatings will be capable of promoting the prolonged
inhibition of toxin production, a phenotype of clear importance
for the abatement of acute infections. Studies to evaluate the
potential utility of these materials in this context are currently
ongoing.

■ SUMMARY AND CONCLUSIONS

Materials that promote the long-term release of bioactive QSIs
could attenuate bacterial virulence and biofilm formation in
many important applications. Herein, we have demonstrated
that polymer-based superhydrophobic coatings that are nano-
porous and exhibit “bulk” or internal superhydrophobicity can
be used to host and subsequently sustain the release of water-
soluble, peptidic QSIs for at least 8 months. The release of
peptide 1 from these films strongly inhibited agr-based QS in
group-I S. aureus for at least 40 days without any effect on cell
growth. These results, when combined, suggest that these
superhydrophobic coatings can also confer protection against
the rapid hydrolysis of these water-labile peptides, and thus
expand the range of times over which these peptides can be
made available in their bioactive forms. This approach has the
potential to be general, and could prove useful for the
encapsulation, physical and chemical protection, and release of
other classes of water-sensitive agents. Finally, we demonstrated
that these superhydrophobic coatings can strongly modulate
the QS-controlled formation of biofilm in wild-type S. aureus.
We conclude that these nanoporous superhydrophobic films
provide a new and useful nonbiocidal approach to the design of
coatings that attenuate bacterial virulence. We anticipate that
the materials, loading strategies, and new concepts reported
here will enable new approaches to the long-term attenuation
of QS and associated phenotypes in a range of basic research
and applied contexts.
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