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Abstract

We report the fabrication and biological evaluation of non-woven polymer nanofiber coatings that
inhibit quorum sensing (QS) and virulence in the human pathogen Staphylococcus aureus. Our
results demonstrate that macrocyclic peptide 1, a potent synthetic non-bactericidal quorum sensing
inhibitor (QSI) in S. aureus, can be loaded into degradable polymer nanofibers by electrospinning,
and that this approach can deposit QSI-loaded nanofiber coatings onto model non-woven mesh
substrates. QSI was released over ~3 weeks when these materials were incubated in physiological
buffer, and retained its biological activity and strongly inhibited agr-based QS in a GFP reporter
strain of S. aureus for at least 14 days without promoting cell death. These materials also inhibited
production of hemolysins, a QS-controlled virulence phenotype, and reduced the lysis of
erythrocytes when placed in contact with wild-type S. aureus growing on surfaces. This approach
is modular, and can be used with many different polymers, active agents, and processing
parameters to fabricate nanofiber coatings on surfaces important in healthcare contexts. S. aureus
is one of the most common causative agents of bacterial infections in humans, and strains of this
pathogen have developed significant resistance to conventional antibiotics. The QSI-based
strategies reported here thus provide springboards for the development of new anti-infective
materials and novel treatment strategies that target virulence as opposed to growth in S. aureus.
This approach also provides porous scaffolds for cell culture that could prove useful in future
studies on the influence of QS modulation on the development and structure of bacterial
communities.
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Introduction

Bacterial fouling and infection remain a persistent challenge confronting the use of
interventional devices, implanted objects, dressings, and a wide range of other materials
used in healthcare-related applications.12 One useful strategy to prevent or treat these
infections is to design materials and surface coatings that release agents that can prohibit or
attenuate bacterial cell proliferation or the upregulation of virulent behaviors,3-> such as
biofilm formation.2 These ‘surface-mediated’ approaches to release and delivery have
several practical advantages relative to the systemic administration of antimicrobial agents,
including reducing the likelihood of host cell toxicity and other side effects by enabling the
local delivery of reduced concentrations of antimicrobial agents directly to areas that are
more prone to bacterial infection (e.g., near the surface of an indwelling device or topical
dressing).34

Regardless of the approach used for delivery, the use (and over-use) of conventional
antimicrobial agents has lead to a sharp increase in the prevalence of antibiotic-resistant
strains of many common human pathogens—a problem that is the result, at least in part, of
the bactericidal nature of those agents, which can contribute to evolved resistance.6.” A
frightening statistic in this regard is that methicillin-resistant strains of the Gram-positive
pathogen Staphylococcus aureus (i.e., MRSA) kill more people in the U. S. annually than
Parkinson’s disease, HIV/AIDS, emphysema, and homicide combined.® In view of this
rapidly emerging threat, new methods for treating or preventing bacterial infections that
move beyond conventional antibiotics and other biocidal strategies are urgently needed.%10
One potential alternative to these biocidal strategies is the use of agents that can interfere
with or inhibit bacterial ‘quorum sensing’ (QS) circuits that govern many infection
phenotypes in common pathogens,! including virulence factor production and biofilm
formation, but do not promote bacterial cell death.12-14 This new ‘anti-virulence’ approach
has been demonstrated to be promising in many clinically relevant bacteria, including S.
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aureust>17 and the Gram-negative pathogens Pseudomonas aeruginosa81° and
Acinetobacter baumannii.?°

Recent studies by our group?1-25 and others26-36 have demonstrated that synthetic inhibitors
of bacterial QS (QSIs) can be imbedded in or immobilized onto a variety of materials, and
that this approach can be used to design surfaces and coatings that inhibit QS and reduce
virulent behaviors in human pathogens. Of particular relevance to the work reported here,
we recently reported materials-based approaches to the release of a highly potent synthetic
mimic of the auto-inducing peptide (AIP) signal that regulates the accessory gene regulator
(agr) QS system in S. aureus (peptide 1).23:24 Peptide 1 inhibits QS at sub-nanomolar
concentrations in all four specificity groups of S. aureus (including group-1 and group-I11 S.
aureus, which are the groups commonly associated with methicillin resistance and toxic
shock syndrome, respectively).1® This peptide acts via competitive inhibition of the native
AIP signal by binding its cognate transmembrane receptor, AgrC. Inhibition of S. aureus
AgrC activity blocks the downstream transcription of an arsenal of virulence factors that are
critical for infection, including proteases, hemolysins, enterotoxins, immunomodulatory
peptides, regulatory RNAs, and surface factors.3” Modulation of AgrC activity also alters the
production and maturation of S. aureus biofilms and, interestingly, inhibition of AgrC has
been shown to activate biofilm formation under certain in vitro conditions.38 This inverse
relationship between QS-controlled toxin production and biofilm formation (at least under
select conditions), has provoked many questions about optimal strategies to attenuate agr-QS
in both acute and chronic infections,38 but past in vivo studies demonstrate that the
inhibition of AgrC can significantly block infection using a range of animal models,39:40
revealing AgrC as a central and attractive target for infection control in S. aureus.*! The
work reported here sought to advance the design of surface coatings containing peptide 1 as
a step toward new tools that could help shed light on the complex relationship between
biofilm formation, toxin production, and agr-type QS modulation in /n vitroand in vivo
settings. In the long term, such materials and insights could contribute to the development of
new approaches to the treatment of bacterial infection, including the treatment of skin-
related infections caused by S. aureus.17:3940
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In our past work, we developed peptide 1-loaded coatings using either conventional solvent-
casting approaches?3 or new methods for the fabrication of porous superhydrophobic
materials?* to promote the release of biologically-active peptidic QSls rapidly (e.g., within
~5 min) or over prolonged periods (e.g., over ~8 months), respectively, when exposed to
aqueous environments. However, many potential applications are likely to require (or could
benefit considerably from) materials that can promote the local release of QSls, or
combinations of QSIs and other anti-microbial agents, over intermediate time frames (e.g.,
over several days or several weeks) or with form factors and physicochemical properties that
are difficult to achieve using those past methods (e.qg., to allow the facile coating of woven
gauze, dressings, and other objects or devices where bacterial infection is endemic. Here, we
report new materials design strategies that can (i) permit control over the release of peptidic
QSls at such intermediate time scales (i.e., over ~14 days), and (ii) provide robust QSI-
eluting materials using methods of fabrication that are scalable and more amenable to
deposition on complex substrates than methods used in our past studies (i.e., dip-coating?3
or layer-by-layer assembly methods?4). Our approach is based on the electrospinning of
porous, non-woven mesh coatings (or ‘mats’) of degradable QSI-loaded polymer nanofibers.

The electrospinning of polymer solutions is widely used to produce non-woven meshes or
mats of randomly aligned polymer nanofibers.#2-44 These materials are fabricated by using a
strong electrical potential to extrude a concentrated solution of polymer from a needle to
form extremely thin (nanometer-scale) fibers that can be deposited onto electrically
grounded surfaces or collected onto other objects. This electrospinning approach is
compatible with the use of many different types of natural and synthetic polymers, and it
provides multiple means to tune the physical properties of the resulting fibers (e.g., by
control over solution concentrations, flow rates, and other process variables).#2-44 In the
specific context of drug delivery, this approach also enables the fabrication of nanofibers
loaded with active agents simply by adding those agents directly to the polymer solutions
prior to electrospinning.*>46 This combination of features, combined with the ability to
deposit materials over large areas and on topologically complex objects, renders
electrospinning attractive for the design of fiber-based coatings of potential utility in many
biomedical contexts, including the controlled release of small-molecule and macromolecular
agents*>~47 and the design of new functionalized or drug-eluting porous polymer platforms
for cell culture and tissue engineering.46:48 Depending on the type of polymer, agent, and
processing conditions used, this approach can be used to produce drug-loaded nanofiber
mats and coatings that release embedded agents by diffusion, by polymer degradation, or by
a combination of the two, over a broad range of time scales.#6:47 Such mats and coatings
have broad potential in the context of combating acute and chronic infections.4%-51

Here, we report the design and fabrication of non-woven and hydrolytically degradable
nanofiber mesh coatings that release peptidic QSIs active in S. aureus when exposed to
physiologically relevant environments. We demonstrate that solutions of peptide 1 and
poly(lactide-co-glycolide) (PLGA) can be electrospun onto planar surfaces and other non-
woven supports to produce coatings that release peptide 1 for approximately three weeks,
and that objects coated with these peptide-loaded mats can modulate agr-type QS signaling
in S. aureus using a GFP reporter. We demonstrate further that these materials can be used to

ACS Infect Dis. Author manuscript; available in PMC 2018 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kratochvil et al.

Page 5

strongly inhibit the production of bacterial toxins (i.e., hemolysins) that are under the control
of QS in S. aureus, both in suspensions of wild-type planktonic bacteria and when fiber-
coated materials are placed into contact with wild-type bacteria growing on surfaces. Our
results provide the basis of a new and highly adaptable approach that could be used to tune
the release of QSlIs from the surfaces of topologically complex objects, including fabric-
based dressings or gauzes, interventional devices, and implantable objects. With further
development, we anticipate that this electrospinning approach could contribute to the
development of new and non-bactericidal anti-virulence approaches that provide novel
strategies for combatting bacterial infections, with the potential to side-step, or at least
substantially delay, issues associated with the development of evolved resistance that
currently plague approaches based on bactericidal agents.

Materials and Methods

Materials

Poly(D,L-lactide-co-glycolide) (PLGA; 50:50, MW = 30,000-60,000), N,\-
dimethylformamide (DMF; ACS reagent grade), and tetrahydrofuran (THF; HPLC grade)
were purchased from Sigma-Aldrich (Milwaukee, WI) and used as received. Peptide 1 and
fluorescently labeled peptide 1, were synthesized and purified as described previously.1%:24
Blood agar plates (tryptic soy agar, with 5% sheep blood) were purchased from Fisher
Scientific (Hanover Park, IL). Pooled rabbit blood cells were purchased from Lampire
Biological Labs (Piperville, PA). Non-woven bonded carded web mesh composed of fibers
of poly(ethylene terephthalate) and polyethylene (Vliesstoffwerk Sandler 12 gsm Sawabond
NW Cover — Velvet; calendared) was obtained from Sandler AG (Schwarzenbach/Saale,
Germany).

Instrumentation and Related Considerations

Fluorescence microscopy images were acquired using an Olympus 1X70 microscope and
analyzed using the Metavue version V7.7.8.0 software package (Molecular Devices). Top-
down scanning electron micrographs were acquired using a LEO-1550 VP field-emission
SEM operating with an accelerating voltage of 2.00 kV. Samples were coated with a thin
layer of gold using a Hummer Junior Sputtering (Technics) system operating at 10 mA
under a vacuum pressure of 70 mTorr for 60 s prior to imaging. Fiber diameters were
measured using the ImageJ version 1.49r software package. Solution fluorescence was
measured using a Jobin Yvon FluoroMax-3 fluorometer with DataMax version 2.2 software.
A Biotek Synergy 2 microplate reader with Gen5 software was used to measure the
absorbance and fluorescence of bacterial cultures.

Biological Reagents and Strain Information

All biological reagents, with the exception of Brain-Heart Infusion (BHI) medium, were
purchased from Sigma-Aldrich and used according to enclosed instructions. S. aureus strains
AH1677 (methicillin-resistant group-1 with a P3-gfp reporter plasmid) and RN6390B (wild-
type group-1) were grown in BHI medium purchased from Teknova (Hollister, CA).
Bacterial cultures were grown in a standard laboratory incubator at 37 °C with shaking (200
rpm) unless otherwise noted.
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Fabrication of Non-Woven Nanofiber Mats

A 300 mg/mL solution of PLGA was prepared using a THF:DMF solvent mixture (3:1, v/v)
and stirred overnight. For fabrication of nanofibrous mats containing peptide 1 or peptide
1, these solutions were prepared using DMF having a 1 mM concentration of the peptide
instead of neat DMF. Electrospinning was conducted using a custom-built electrospinning
device with a digital syringe pump (Harvard Bioscience Company) at a flow rate of 0.2
mL/h. A 15 cm working distance separated the blunt 20G needle and the 10 x 10 cm
grounded collector covered with the non-woven mesh substrate. A 20 kV potential was
applied between the needle tip and collector. All materials used in release experiments were
fabricated by electrospinning 0.25 mL of solution. The resulting electrospun mats were
stored in the dark at room temperature until further use.

Characterization of Peptide Release Kinetics

Experiments used to characterize the release of imbedded peptides were conducted using
PLGA mats containing peptide 1g, . Strips of non-woven mesh coated with electrospun
nanofibers (0.8 x 2.0 cm; 1.6 cm?) were incubated in 1 mL of PBS buffer (pH = 7.4) at

37 °C. At designated time points, the buffer was removed for analysis and replaced with
fresh buffer. Removed buffer was briefly centrifuged to pellet and remove any solid polymer
debris that may have dislodged from the mats and could complicate analysis of the peptide
release. Concentrations of released peptide 1 were measured using a fluorometer. All
release experiments were conducted with n = 4.

Release of Peptides for Liquid Culture Assays

Characterization of the biological activities of released peptides was conducted using PLGA
mats containing peptide 1. Small strips of non-woven mesh coated with electrospun
nanofibers (0.6 x 1.5 cm; 0.9 cm?2) were cut and UV sterilized by exposure to UV light for
15 min in a biological safety cabinet. In the 24 h immediately prior to a designated time
point in the biological assay, the strips were incubated statically in 500 pL of either BHI
media (for GFP reporter assays) or Tryptic Soy Broth media (TSB; for hemolysis assays) at
37 °C. At all other times prior to the 24 h period before a measured time point, the strips
were maintained statically in 500 pL of 7.4 pH 1x PBS buffer at 37 °C. PLGA mats
fabricated without peptide 1 were used as controls for the biological assays. Each release
experiment was conducted with n = 4, and three release experiments were performed for
each biological assay to generate three biological replicates. All manipulations of sterilized
samples were performed using flame-sterilized forceps.

GFP Reporter Assays

GFP reporter assays in S. aureus were performed using our previously reported protocol.15
In brief, an overnight culture of the GFP-reporter strain S. aureus AH167752 was diluted
1:50 to a total volume of 200 uL with BHI medium used in peptide release experiments and
placed into the wells of a black 96-well polystyrene microtiter plate (Costar). Dilution with
fresh BHI medium was used as a control. The plates were incubated at 37 °C for 24 h with
shaking. The fluorescence and ODgqq of each well were then measured using a plate reader,
with fluorescence values normalized to the fresh BHI control.
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Hemolysis Assays

For liquid culture hemolysis assays, an overnight culture of the wild-type strain S. aureus
RN6390B was diluted 1:100 to a total volume of 200 uL with TSB medium used in peptide
release experiments and placed into the wells of a clear 96-well polystyrene microtiter plate
(Costar). Dilution with fresh TSB medium was used as a control. The plates were incubated
statically at 37 °C for 6 h, and ODgq values were then measured using a plate reader. A 13
pL aliquot of rabbit red blood cells (10%, suspended in PBS) was then added to each well,
and the plate was incubated statically at 37 °C for 15 min. The plate was centrifuged at 2000
rpm at room temperature for 4 min, and a 150 pL aliquot of the supernatant from each well
was transferred to wells of a clean, clear 96-well plate to measure absorbance at 420 nm
using a plate reader. For blood agar plate assays, an overnight culture of S. aureus RN6390B
was diluted 1:2x10° with fresh BHI. A 500 pL aliquot of the diluted culture was added to
the blood agar plate and spread evenly over the surface using a sterilized Pasteur pipette that
was bent at a 90° angle using a flame. Segments of non-woven mesh coated with electrospun
nanofibers, fabricated both with and without peptide 1, were UV sterilized for 15 min and
placed on top of the agar plate such that the nanofiber-coated side was facing the agar
surface. The agar plate was then incubated at 37 °C for 24 h, after which digital images of
the plate were acquired.

Results and Discussion

Fabrication of Nanofiber Mats Containing Synthetic Peptidic QSIs 1 and 1

Our approach to the design of non-woven nanofiber mats that can inhibit bacterial QS is
based upon the electrospinning of polymer solutions containing peptide 1. As outlined
above, peptide 1 is a potent synthetic inhibitor of agr-type QS in the four groups of S.
aureus, with an 1Csq of 0.485 nM against MRSA-associated group-I strains and an 1Csq of
0.0506 nM against toxic shock syndrome-associated group-I11 strains,® strains that are of
importance in the context of bacterial infections. To explore the feasibility of this new
approach and demonstrate proof of concept, we selected the commercially available
polyester PLGA (with a 50:50 ratio of lactide and glycolide repeat units) as a model
degradable polymer for several reasons: (i) this polymer is FDA-approved and has a long
history of use for drug delivery and other biomedical applications,>3-55 (ii) the structure and
composition of this polymer can be easily manipulated to exert useful control over the
release of encapsulated agents,6:57 and (iii) the use of this polymer as a basis for the
electrospinning of degradable polymer nanofibers using a range of solvents and processing
parameters is well established.46:48,58-60

For all experiments described below, PLGA nanofibers were fabricated by electrospinning
solutions of PLGA containing 0.25 mM of peptide 1 onto model non-woven mesh substrates
composed of poly(ethylene terephthalate) and polyethylene fibers (see Materials and
Methods for additional details of electrospinning process parameters used in these
experiments). For experiments designed to characterize the loading and release of the
peptide from the nanofibers, we used PLGA solutions containing peptide 1¢ , a fluorescein-
labeled derivative of peptide 1,24 to facilitate characterization by both fluorescence
microscopy and solution fluorometry. Figure 1A-B shows SEM images of nanofiber mats
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electrospun from PLGA solutions containing peptide 1 (A) and peptide 15 (B). These
images reveal a network of smooth and randomly aligned nanofibers with median diameters
of approximately 780 nm (x 410 nm) and 770 nm (x 330 nm), respectively (see also Table 1;
results for PLGA nanofibers alone (no QSI) are shown for comparison; additional
characterization of nanofiber distributions is shown in Figure S1 of the Supporting
Information). We did not observe substantial non-uniformities or the presence of beaded
fiber morphologies*346:58 in PLGA/QSI fibers fabricated under the conditions used in this
study. Figure 1D shows a representative fluorescence microscopy image of a fiber mat
fabricated using a PLGA solution containing peptide 1g . The green fluorescent network of
filamentous structures in this image is consistent with the encapsulation of this
fluorescently-labeled QSI in the electrospun fibers (Figure 1C shows an image of fibers
electrospun using polymer solutions containing non-fluorescent peptide 1, and is dark by
comparison).

Characterization of QSI Release Profiles

QSl-Loaded

We characterized the release of peptide 1 from the PLGA nanofiber mats described above
by incubating small swatches of fiber-coated mesh substrates in PBS at 37 °C. Figure 2
reveals peptide release to occur over a period of approximately three weeks (~210 pmol/cm?
of peptide 1r, was released over the first 24 h, with ~350 pmol/cm? released over the course
of the first 24 days). This period of release was followed by a plateau, after which very little
of the peptide (~0.56 pmol/cm? per day) was released. This general behavior is consistent
with the release profiles of other small molecules from PLGA-based polymer/drug
matrices,>” including similar PLGA electrospun nanofiber-based materials.61:62

Upon more extended incubation, we visually observed segments of the nanofibers to detach
from the mats (we note that at least some portion of this mass loss was likely promoted by
repeated stresses associated with the physical manipulation and transfer of these fiber-coated
substrates during experiments designed to characterize release profiles). In view of these
observations, we restricted proof-of-concept characterization of the biological activities of
QSl-loaded coatings in the studies described below to periods of no more than 14 days, over
which no potentially confounding mass loss was observed. Notably, this shorter time frame
is relevant in the context of infection control, and the amounts of peptide released during this
14-day period (Figure 2) were substantially higher than those needed to inhibit QS in S.
aureus using peptide 1 (ICsg of 0.485 nM in group | S. aureus;1® as described below).

Nanofiber Mats Inhibit QS in S. aureus

One potential limitation of peptide 1 in the context of integration into materials-based
strategies for extended release in aqueous environments is that this QSI contains a water-
labile thioester bond that maintains the peptide in a macrocyclic conformation that is critical
to its biological activity.16:37.63 Hydrolysis of this thioester bond renders peptide 1
completely inactive as a QSI and occurs with a half-life of ~72 h at neutral pH%* (and with a
half-life of ~4 h in alkaline media®4). In past studies, we demonstrated that embedding this
peptide in extremely non-wetting ‘superhydrophobic’ coatings that limit contact between the
peptide and bulk water can preserve the biological activities of peptide 1 (e.g., the ability to
inhibit QS and regulate biofilm formation in S. aureus) for at least 40 days.2* Past studies

ACS Infect Dis. Author manuscript; available in PMC 2018 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kratochvil et al.

Page 9

establish, however, that the transport of bulk water into PLGA matrices occurs rapidly.>7:65
Thus, although the total amount of fluorescent peptide released in the above experiments
was high relative to the ICsp of peptide 1, it was not clear at the outset of these studies
(because no distinction between intact and hydrolyzed peptide is made in the fluorescence
detection method) that this PLGA-based approach could be used to sustain the release of
biologically-active peptide in quantities sufficient to inhibit QS.

To determine whether peptide was released from QSI-loaded PLGA fiber mats in a bioactive
form following electrospinning and incubation in agueous environments, we conducted a
series of experiments in which aliquots of released peptide were collected at pre-determined
time points and incubated with cultures of group-1 S. aureus. In initial experiments, we used
a reporter strain of S. aureus that produces GFP when QS is activated,® thus permitting
quantification of QSl-induced reductions in QS by fluorometry. These and all other
biological studies reported here were performed using PLGA nanofiber mats loaded with
peptide 1; fibers loaded with peptide 1 were not used in these experiments because this
fluorescently-labeled derivative has a lower activity than peptide 1 and the presence of the
fluorescein tag would complicate the characterization and quantification of GFP production.
We used an experimental design in which strips of nanofiber-coated substrates were
incubated initially in PBS for a defined period, and then incubated in assay media during the
24 h immediately prior to characterization of biological activity (see Materials and Methods
for additional details related to these biological assays). This overall experimental design
permitted characterization of the biological activity of only that peptide released during the
most recent preceding 24-hour period.

Figure 3 shows a plot of percent fluorescence, relative to results obtained using media alone
(black bars), in cultures of S. aureus incubated with aliquots collected from nanofiber-coated
substrates for up to 14 days of incubation. Inspection of these results reveals samples
obtained from peptide 1-loaded mats (gray bars) to inhibit the production of GFP by >95%
at all time points [in contrast, levels of GFP production were >70% for at least 7 days in
experiments conducted using otherwise identical PLGA-only nanofiber mat control that
were free of peptide 1 (white bars)]. Further, bacterial cultures incubated with samples
obtained from the incubation of peptide 1-loaded mats exhibited no decrease in optical
density (ODgqp) over these time periods (see Figure S2 of the Supporting Information),
suggesting that, as expected, neither the peptidic QSI nor the PLGA have biocidal effects.
These results, when combined, demonstrate that this degradable nanofiber approach can be
used to sustain the release of peptide 1 in a form that remains biologically active, and at
concentrations that are able to strongly inhibit QS in a model S. aureus strain, after
incubation in bulk agueous media for at least 14 days. These results also hint that the
hydrolysis of the thioester bond in peptide 1, which, as noted above, is critical to its
biological activity, may occur more slowly upon exposure to water than it does when
dissolved in pH neutral media. Although additional analyses will be required to understand
processes that could lead to the inactivation of peptide 1 upon incorporation or long-term
encapsulation in these materials, it is possible that the preservation of biological activity
observed here could be aided, at least in part, by the presence of an acidic microclimate in
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the PLGA nanofiber matrix (which has been demonstrated in past studies to stabilize or
prolong the activities of other hydrolytically-labile agents under certain conditions).66-68

QSl-Loaded Nanofiber Mats Inhibit QS-Controlled Hemolysis in Solution and at Surfaces

Further studies demonstrated that, in addition to being able to inhibit the artificial QS
reporter system described above, these QSI-loaded nanofiber mats are also capable of
modulating QS phenotypes relevant to S. aureus virulence in wild-type cells. As noted
above, inhibition of AgrC receptor activity has been demonstrated to inhibit the production
of many toxins that play important roles in infection. One particularly salient AgrC-
controlled phenotype of S. aureus is the production of hemolysins (e.g., alpha-toxin), which
promote extensive lysis of mammalian host red blood cells.5%-"1 Hemolysin production can
be readily monitored using straightforward and robust assays in the laboratory, and we have
shown that peptide 1 can strongly inhibit hemolysin production in prior studies.1> We thus
chose to characterize the ability of our peptide 1-loaded nanofiber mats to prevent or reduce
hemolysis of red blood cells as an initial proof-of-concept experiment to demonstrate the
ability of these materials to block an AgrC-controlled QS phenotype.

We first investigated the potential of our peptide 1-loaded mats to inhibit hemolysis using a
liquid culture assay. Using an experimental design similar to that used in the GFP-reporter
assays described above, we incubated wild-type S. aureus in media obtained during peptide
1 release experiments for 6 hr before using those cells in quantitative solution-based red
blood cell hemolysis assays. As shown in Figure 4A, hemolysis was inhibited, relative to
media controls, by an average of 65% over a period of 14 days (gray bars). In comparison,
PLGA-only (no peptide) control samples promoted an average inhibition of ~7% under
otherwise identical conditions (white bars). The differences in the levels of inhibition
exhibited by the peptide 1- loaded mats relative to these PLGA controls was statistically
significant (p < 0.05; 95% confidence interval) at all time points. It is likely that these levels
of inhibition could be improved further by manipulation of peptide loading levels or through
changes to polymer structure or electrospinning parameters to tune release profiles; further
optimization of this solution-based analytical assay was not pursued as part of the proof-of-
concept studies reported here. In addition, we note that, as observed during the GFP assays
above, bacterial densities (ODggg Values) did not change significantly during these
experiments (see Figure S3 of the Supporting Information). On the basis of these results, we
again conclude that the decreases in hemolytic activity observed in Figure 4A are the result
of the inhibition of agr-type QS by the released peptide, and not a result of cell death.

To supplement the liquid culture hemolysis assay, we also characterized the ability of our
QSl-loaded nanofiber coatings to inhibit hemolysis by wild-type S. aureus when placed in
direct contact with each other on a surface, thus better mimicking interactions that would
occur between bacteria and a nanofiber coating at an infection site. To test for this function,
we characterized the ability of peptide 1-loaded mats to inhibit hemolysis in S. aureus grown
on blood agar plates. These experiments were performed by manually placing samples of
nanofiber-coated mesh substrates on top of a blood agar plate inoculated with S. aureus and
incubating these two contacting surfaces for 24 h (see Materials and Methods for additional
details). Over this time frame, S. aureus grows to cover the entire plate surface, reaches a
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(presumably) quorate population, and produces hemolysins to promote a change in the color
of the underlying blood agar plate from dark red (a color indicative of intact red blood cells)
to light red/orange (a color indicative of lysed red blood cells).”? This change in color can
thus be used to visualize and characterize qualitative changes in the production of
hemolysins by S. aureus growing on a solid surface.’?

Figure 4B-D shows representative results of this assay 24 h after the incubation of
inoculated blood agar plates with non-woven mesh substrates coated with peptide 1-loaded
nanofibers (B—C) or control PLGA nanofibers electrospun in the absence of peptide 1 (D).
The image in panel B shows a plate imaged under normal light prior to removal of the
coated substrate (approximately 2.5 x 3.8 cm, shown in white); the images in panels C and
D show plates imaged using backlighting and after the removal of the coated substrate for
clarity. As anticipated, we observed a zone of inhibition of hemolysis surrounding substrates
coated with peptide 1-loaded nanofibers (darker red color in Figure 4B and darker orange
color in Figure 4C, corresponding to regions with intact red blood cells; the apparent
differences in color in these images arise from differences in the lighting used to acquire
these two images, as noted above). Beyond this zone of inhibition, the remainder of the plate
was lighter in color (e.g., lighter red in Figure 4B and light orange/yellow color in Figure
4C), consistent with extensive hemolysis of the red blood cells in areas remote from the
coated substrates.”? The spatial extent of the zone of inhibition observed in these studies
reflects, in part, the rate and extent of the diffusion of peptide 1 within these agar plates after
it is released from the nanofibers. In contrast, when similar experiments were performed
using substrates coated with PLGA-only (no peptide) nanofiber controls, the entire plate
appeared light orange/yellow (Figure 4D), indicative of uniform red blood cell hemolysis in
all areas surrounding the substrate. Bacterial colonies were visible on the plates, both within
and around the zones of inhibition, suggesting no decreases in cell viability as a result of
presence of peptide 1 (bacterial colonies were not observed in the areas directly beneath the
film-coated substrates in either the peptide-loaded or the PLGA control cases under the
conditions used in these assays; bacterial colonies were, however, observed to be attached to
the plate-facing sides of the removed substrates, suggesting preferential growth on the
nanofiber mats in those regions). When combined, these results demonstrate that peptide 1-
loaded PLGA nanofibers can be used to inhibit the production of a critical, QS-controlled
virulence factor in wild-type S. aureus, both in liquid-culture and when placed directly in
contact with bacteria growing on a soft surface. Because AgrC controls the production of
numerous other virulence factors and biofilm growth in S. aureus, we anticipate that these
peptide 1-loaded coatings should also modulate the production of these other phenotypes,
thereby expanding the potential future utility of these materials beyond the proof-of-concept
results reported here.

Summary and Conclusions

We have reported the fabrication, characterization, and biological evaluation of degradable
polymer nanofiber mats that release potent peptide-based inhibitors of bacterial QS and
promote the localized, surface-mediated inhibition of a salient, QS-controlled virulence
phenotype in the pervasive human pathogen S. aureus. This study is, to our knowledge, the
first to evaluate the use of electrospun polymer nanofiber mats for the distribution and
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dissemination of small-molecule or peptidic QSIs, and has implications for the development
of new anti-infective materials, coatings, and treatment strategies that target bacterial
virulence rather than bacterial growth. Our results demonstrate that peptide 1, a synthetic
macrocyclic QSI that is active against S. aureus, can be readily loaded into PLGA nanofiber
mats using conventional polymer electrospinning techniques, and that this approach can be
used to readily deposit nanofiber-based coatings on the surfaces of model non-woven mesh
substrates. Peptide 1 was released over a period of approximately three weeks when
nanofiber mats were incubated in physiologically relevant media. Liquid-culture cell-based
reporter assays revealed released peptide to retain its biological activity and strongly inhibit
agr-based QS in an S. aureus strain containing a GFP reporter for periods of at least 14 days.
We also demonstrated that these QSI-loaded nanofiber mats can inhibit the production of
hemolysins, an important QS-controlled virulence phenotype in S. aureus.” Our results
reveal that the QSlIs released from these materials not only reduce levels of hemolysis in red
blood cells in liquid cultures of wild-type S. aureus, but also strongly block hemolysis when
placed in direct contact with wild-type S. aureus growing on the surface of a blood agar
plate, an experimental geometry designed to more closely mimic interactions that would
occur between bacteria and a nanofiber mat at an infection site. In view of the central role of
the agr-QS system in the production of virulence factors and biofilm formation in S. aureus,
itis likely that these materials could also modulate other associated virulence phenotypes
pertinent in both acute and chronic infections.

To close, S. aureus is a causative agent of life-threatening infections in burn wounds,
diabetic ulcers, and other skin lesions, and strains of this pathogen have developed
substantial resistance to conventional antibiotic treatments (e.g., MRSA).”4 Our findings,
and this general non-bactericidal approach to the design of anti-infective materials, are thus
timely and provide a useful springboard for the continued development of new QSI-based
strategies to assist in the prevention or treatment of infectious diseases and test hypotheses
and dissect relationships between the agr system, toxin production and biofilm formation,
and infection in S. aureus. In this specific context, we note that the electrospinning approach
reported here is modular, and can be used with many different types of polymers, active
agents (or combinations of agents), and processing parameters to deposit nanofiber coatings
with tunable physical or chemical properties on a broad range of topologically complex
objects important in healthcare-related applications (including indwelling interventional
devices, implants, wound dressings, and even the surfaces of open wounds).46:49-51 For
example, it should be straightforward using this approach to fabricate non-woven mats
containing combinations of QSIs and one or more conventional antibiotic agents to identify
potential synergies and design new generations of materials that combat infection more
effectively. More broadly, the overall approaches and materials reported here could also
provide novel porous scaffolds for bacterial cell culture useful for fundamental studies of the
influence of agr-type QS modulation (either inhibition or activation) on the development of
bacterial communities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A,B) Representative SEM images of electrospun PLGA nanofibers loaded with peptide 1

(A) or peptide 1, (B). (C,D) Representative fluorescence microscopy images of
electrospun PLGA nanofibers loaded with non-fluorescent peptide 1 (C) or fluorescently-
labeled peptide 1 (D).
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30

Plot showing the release of peptide 1 from PLGA nanofiber mats versus time upon
incubation in PBS at 37 °C. Each point represents the mean values obtained from four
different replicates with error bars representing standard error. Total release is normalized to
the surface area of the fiber-coated substrates used in these experiments.
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Figure 3.
Plot showing the fluorescence of a GFP reporter strain of S. aureus, normalized to positive

media controls, versus time for the incubation of substrates coated with nanofiber mats (see
main text for additional details). Gray bars show the average normalized fluorescence for
peptide 1-loaded PLGA nanofiber mats; white bars show average normalized fluorescence
for control PLGA nanofiber mats (no peptide); black bars show average normalized
fluorescence for positive media controls. All experiments were performed in three sets of
four replicates; error bars represent standard error. All results obtained for peptide-loaded
nanofiber mats were significant at the 95% confidence interval (p < 0.05) versus control
PLGA mats and positive media controls.
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Figure 4.
Inhibition of hemolysis by group-I S. aureus promoted by QSI released from substrates

coated with electrospun PLGA nanofiber mats. (A) Inhibition of hemolysis by S. aureusin
liquid-culture assays over 14 days. Gray bars: peptide 1-loaded mats; white bars: control
PLGA nanofiber mats (no peptide). Data are presented as averages of three biological
replicates; error bars represent standard error. All results were significant at the 95%
confidence interval (p < 0.05). (B-D) Representative images of hemolysis inhibition as
observed on a solid blood agar plate inoculated with S. aureus. (B) Zone of hemolysis
inhibition (dark red) observed around a non-woven substrate coated with a peptide 1-loaded
mat; photographed from above under ambient lighting; the lighter red background indicates
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active hemolysis by S. aureus colonies in areas not adjacent to the substrate. (C) The same
plate as in (B), but photographed when backlit to enhance contrast (see text); the yellow-
orange background indicates active hemolysis by S. aureus colonies in areas not adjacent to
the substrate. (D) No inhibition of hemolysis was observed in experiments using an
otherwise identical uncoated mesh substrate; the plate was also photographed when backlit
for clarity.
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Measurements of Fiber Diameters

Table 1

: Average | Median | St. Dev
Material (nm) (nm) (nm)
PLGA 930 830 380
PLGA+Peptide 1 860 780 410
PLGA+Peptide 1¢_ 830 770 330
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