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a b s t r a c t

Virtually all biomaterials are susceptible to biofilm formation and, as a consequence, device-associated
infection. The concept of an immobilized liquid surface, termed slippery liquid-infused porous surfaces
(SLIPS), represents a new framework for creating a stable, dynamic, omniphobic surface that displays
ultralow adhesion and limits bacterial biofilm formation. A widely used biomaterial in clinical care,
expanded polytetrafluoroethylene (ePTFE), infused with various perfluorocarbon liquids generated SLIPS
surfaces that exhibited a 99% reduction in S. aureus adhesion with preservation of macrophage viability,
phagocytosis, and bactericidal function. Notably, SLIPS modification of ePTFE prevents device infection
after S. aureus challenge in vivo, while eliciting a significantly attenuated innate immune response. SLIPS-
modified implants also decrease macrophage inflammatory cytokine expression in vitro, which likely
contributed to the presence of a thinner fibrous capsule in the absence of bacterial challenge. SLIPS is an
easily implementable technology that provides a promising approach to substantially reduce the risk of
device infection and associated patient morbidity, as well as health care costs.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Device-associated infection is a major source of increased
morbidity, mortality, and health care costs. In 2011, 4% of patients in
U.S. acute care hospitals had at least one healthcare-associated
infection, with one out of every four of these patients experi-
encing a device-associated infection [1]. The development of
implant-associated infection can be attributed to the propensity of

bacteria to form biofilms [2e5]. Distinct from bacteria in the free
floating planktonic state, those growing in biofilms have diverse
genotypes and phenotypes resulting in physiologic heterogeneity
[6], which may lead to increased antimicrobial resistance [7,8]
and compromised host immune response [9,10]. Further, the
species-dependent physical properties of biofilms, including
extracellular matrix composition and roughness may limit pene-
tration of conventional antimicrobials [11]. Staphylococcus,
including S. aureus and S. epidermidis, are the most commonly
isolated biomaterial colonizers and are typically responsible for
infections of permanent implants [12].

Despite the wide variety of antifouling and antibacterial surface
modifications, an ideal solution for the prevention of implant-
associated infection does not exist. Current approaches can be
broadly categorized into chemical or structural modifications, each
with its own set of limitations. Chemical approaches have included
the design of zwitterionic, mixed-charge, or amphiphilic thin films
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[13,14], low-surface-energy materials [15,16], and hydrophilic
coatings, such as polyethylene glycol [17e19]; all of which have
been designed to prevent nonspecific protein or cell adhesion.
Hydrophilic ultrathin films of polyethylene glycol, as well as
amphiphilic and charged films have displayed limited long-term
stability in vivo and any defect in surface chemistry may serve as
a nucleation site for bacterial attachment [20]. Likewise, substrates
have been formulated to release compounds toxic to bacteria, such
as antibiotics, quaternary ammonium salts, and silver ions [20,21]
or otherwise modified with tethered biocidal compounds, such as
antimicrobial peptoid oligomers [22]. While these strategies
have shown promise over short time periods, coatings designed
to deliver bactericidal agents such as antibiotics, antiseptics, and
nitrogen oxide have finite reservoirs and typically only last at
therapeutic concentrations for days [21]. Moreover, both antibiotic-
and silver-resistant pathogenic bacterial strains have emerged
[23,24]. Structural approaches have encompassed the design of
micro- or nanoscale superhydrophobic surfaces to limit bacterial
contact [25e27]. However, both micro- and nanoscale structures
are susceptible to damage, as well as liquid infiltration. Further-
more, even if the chemical or physical modification persists and
resists direct bacterial attachment, a bacteria- or host-generated
conditioning layer of biomolecules andminerals often accumulates,
which facilitates the formation of a biofilm atop this secondary film
[20,28].

The concept of an immobilized liquid interface has been recently
introduced as a new strategy to create a stable dynamic surface that
repels immiscible fluids, displays ultralow adhesion to both nano-
and microscale solids, and is inherently self-healing [29,30]. The
design framework for such systems, termed a slippery, liquid-
infused, porous surface (SLIPS), was inspired by the Nepenthes
pitcher plant, which uses a layer of liquid water to create a low
friction surface to prevent the attachment of insects [31]. The two
primary features that are required to create an immobilized liquid
surface include the capacity for physical entrapment of a liquid
within a porous or nanostructured solid substrate and high
chemical affinity between the liquid and solid as defined by surface
energy parameters [29]. To date, the performance of SLIPS-modi-
fied substrates has been largely studied in non-medical applica-
tions such as the creation of ice and frost repellent industrial
materials [32], anti-fouling wearable fabrics [33], or as a means to
limit biological fouling using in vitro [30,34] or short-term ex vivo
test systems [35]. In this report, we demonstrate the effectiveness
of SLIPS-modified biomedical implants to resist device-associated
infection after bacterial challenge in vivo. Expanded polytetra-
fluoroethylene (ePTFE) was selected as a model material given its
prevalent use in clinical care in the form of prosthetic hernia
meshes [36e38], grafts for cardiovascular reconstruction [39,40],
and as alloplastic implants in cosmetic and reconstructive surgery
[41e43], as well as its known susceptibility to infection [44,45]. As a
porous, fluorinated implant material, ePTFE is readily amenable to
infusion with fluorinated lubricants, such as perfluoropolyether
(PFPE), perfluoroperhydrophenanthrene (PFPH), and per-
fluorodecalin (PFD). Of note, PFPH has demonstrated an acceptable
safety profile in human studies as an intraoperative and post-
operative tool in management of retinal tears [46]. Further, PFD has
been evaluated in preclinical studies as a blood substitute [47] and
is currently being studied in human clinical trials as a tamponade
agent in retinal detachment surgery [48]. We report that SLIPS-
modified ePTFE implants (ePTFE-SLIPS) limit bacterial adhesion
without inhibiting macrophage viability or bactericidal activity.
Significantly, in an animal model of device-associated infection,
SLIPS-modified implants effectively resist S. aureus infection with a
dramatic reduction in the magnitude of the innate immune
response.

2. Materials and methods

2.1. SLIPS fabrication and characterization

SLIPS were generated as previously described [30]. An ePTFE
membrane with a 370 mm thickness and a 30 mm internodal dis-
tance was used (Aeos®, Zeus). The ePTFE membrane was cut into
6 mm diameter disks using a biopsy punch, sterilized with 70%
ETOH for 30 min, and air dried for 20 min. Some of the dried disks
were left untreated as controls. Three fluorinated lubricants were
examined: perfluoropolyether (PFPE, Krytox® GPL103, DuPont),
perfluoroperhydrophenanthrene (PFPH, FluoroMed), and per-
fluorodecalin (PFD, FluoroMed). All lubricants were filtered
through 0.2 mm filter. PFPE and PFPH SLIPS lubricants were applied
at a loading volume of 40 mL/cm2. After allowing these liquids to
diffuse into the ePTFE for 10 min, the disks were tilted for 5 min to
remove excess liquid. For PFD-SLIPS, disks were submerged in the
lubricant until saturated, then used within 1 min after removal to
minimize evaporative losses.

A tilting water drop assay was used to determine the sliding
angle. A 30 mL drop of deionized, distilled (DD) water was placed on
the sample surface, and the sample slowly tilted upward until the
droplet began to move. The minimum angle required for droplet
movement was recorded. Each test was performed at least four
times.

SLIPS stability in both air and PBS was monitored using an up-
right Zeiss LSM 710 confocal microscope in reflection mode. Sam-
ples were placed under a 10x air or liquid-immersion objective and
exposed to 633 nm laser light, which was then collected as it re-
flected off the sample. A loss of lubricant could be monitored as a
loss of reflected light. Samples were measured daily. The evapora-
tion of the PFPE, PFPH, and PFD lubricants in air was also monitored
gravimetrically using a standard laboratory microbalance (Mettler-
Toledo) with reported repeatability of 0.1 mg. Masses were recor-
ded every three minutes for PFD and every 15 min for PFPE and
PFPH.

2.2. Bacterial adhesion

Staphylococcus aureus ATCC 12600 (strain NCTC8532) liquid
stocks with a density of approximately 108 cell/mL were prepared
in tryptic soy broth (TSB). This particular strain was chosen as it
readily expresses virulence factors including protein A, coagulase,
a-haemolysin, and d-haemolysin and given that it is the source
strain for PerkinElmer Xen29, the luciferase-transformed S. aureus
strain that has been frequently utilized in similar implant studies
[16,49]. Control ePTFE or SLIPS-coated ePTFE (ePTFE-SLIPS) samples
(1 cm� 1 cm) were submerged in sterile biofilmmedium (TSB with
1.5% (w/v) NaCl) and inoculated with 1:100 (v/v) of the S. aureus
stock. The inoculated samples were then incubated for 48 h at
37 �C. After the incubation period, samples were gently removed
from the solution for SEM analysis and colony-forming units (CFUs)
quantification. With regards to SEM analysis, samples were briefly
rinsed to remove planktonic bacteria and serially dehydrated in
increasing concentrations of EtOH and then dried in a Supercritical
Autosamdri 815B critical point drier (Tousimis). The dehydrated
samples were mounted, sputter-coated with Au/Pd, and imaged on
a Zeiss Ultra Plus field emission SEM (Carl Zeiss). For CFU quanti-
fication, samples were washed three times in 10 mL of PBS by a
gentle three second vortex to remove loosely associated bacteria.
Next, to dislodge adherent bacteria, the washed samples were
sonicated at 40 kHz in 1 mL of sterile PBS for three minutes and
agitated on a vortex mixer for 90 s. This cycle of sonication and
agitation was repeated four times. For quantitative culture, the PBS
was serially diluted, plated on agar, cultured in 37 �C for 24 h, and
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the resultant colonies were counted. Of note, in order to study
stability over time, ePTFE-SLIPS test samples were submerged in
PBS or 50% rat serum for 1, 7, 14 and 21 day incubation periods, after
which samples were subsequently exposed to S. aureus and the
aforementioned bacterial adhesion assay was performed.

2.3. Macrophage adhesion, viability and activation on SLIPS

Primary macrophage isolation was performed in C57BL/6J male
mice at maturity (8e12 weeks, Jackson Laboratory) according to a
protocol approval by the Beth Israel Deaconess Institutional Animal
Care and Use Committee. Sterile peritonitis was induced by intra-
peritoneal injection of 0.5 mL of 6% thioglycollate. Four days later,
the peritoneal cavity was lavaged with 5 mL of 10 mM EDTA PBS to
collect the elicited cells. Lavage fluids were filtered using a 70 mm
strainer and allowed to adhere to a petri-dish for 40 min. Unat-
tached cells were removed. Attached purified macrophages were
lifted by non-enzymatic cell dissociation solution (Sigma-Aldrich)
and counted using a hemocytometer.

Macrophage adhesion on SLIPS-modified samples was
measured using a crystal violet based method, as described by
Chamberlain et al. [50]. Unmodified or SLIPS-modified 6 mm disks
of ePTFE were placed in 96 well plates and five replicates were
included in each group. The same approach was used for all in vitro
macrophage assays, unless otherwise specified. Macrophages were
seeded at 100,000 cells per well in 10% fetal bovine serum (FBS) in
Dulbecco's Modified Eagle Medium (DMEM) for 1 h. Disks were
washed with DMEM and fixed with 10% formalin for 10 min. After
another wash, adherent cells were stained with crystal violet for
10 min and thoroughly washed with ddH2O and dried in a vacuum
desiccator. Remaining crystal violet was dissolved in 2% sodium
dodecyl sulfate (SDS) and absorbancewasmeasured at 540 nm. The
absorbance was translated into cell number based on a standard
curve.

To examine the effect of SLIPS on macrophage viability, macro-
phages were seeded at 60,000 cells per well for 12 h. A final con-
centration of 10% Alamar blue (Thermo Scientific) was added to the
culture and incubated for 12 h. At the end of the 24 h culture,
medium absorbance was measured at 570 nm and 610 nm, from
which the Alamar blue percent reduction was calculated following
the manufacturer's instruction. Percent reduction was further
converted to viable cell number using a standard curve.

The effect of SLIPS treatment on macrophage cytokine
expression was investigated by seeding macrophages at
150,000 cells per well for 18 h. Total RNA was harvested with
TRIzol (Invitrogen) and 0.1 mg of RNA was converted to cDNA using
a high capacity cDNA reverse transcription kit (Invitrogen). qPCR
was performed on the Applied Biosystems 7900 using TaqMan®

Universal PCR Master Mix (Life Technologies) with TaqMan®

primer against IL-1b (Mm00434228_m1) and IL-6
(Mm00446190_m1). The fold increase from experimental groups
to tissue culture plastic control was calculated using the delta-
delta CT method with 18S (Mm04277571_s1, Life Technologies)
as an internal reference gene.

2.4. Macrophage bactericidal and phagocytosis responses on SLIPS

To visualize macrophage phagocytosis of S. aureus on SLIPS-
treated samples, macrophages were stained with 3 mM of the blue
dye, CellTrace Violet (C34557, Life Technology) and plated at 2� 106

macrophages per well in a six well plate containing 35 mm diam-
eter ePTFE or SLIPS-modified ePTFE disks. After a 24 h culture
period, S. aureus was stained with 5 mM of the green dye Syto 9 (S-
34854, Life Technology) and 50 � 106 bacteria were added to each
well. After a 30 min co-culture period, plates were directly imaged

by an Upright Zeiss LSM 710 confocal microscope with a 40x water
immersion lens in reflection mode.

The effect of SLIPS on macrophage phagocytosis was quantified
by flow cytometry using a protocol adopted fromGunther et al. [51]
Briefly, macrophages and S. aureus were fluorescently stained, as
described above. A total of 200,000 cells were seeded in each well
for 24 h followed by the addition of 2� 106 S. aureus to each culture.
Experiments were performed at 37 �C and 4 �C. After a 1 h co-
culture period, the disks were placed in cell dissociation solution
(20 mM EDTA, PBS) with constant agitation for 15 min at 4 �C.
Dissociated cell suspensions were examined by flow cytometry
(LSRII, BD Bioscience). The intensity of the green bacterial signal,
that is associated with the blue macrophage signal, was quantified.
The specific phagocytosis signal was further calculated by sub-
tracting the non-specific signal obtained at 4 �C from the total
signal measured at 37 �C.

To examine the effect of SLIPS on bactericidal function of mac-
rophages, a CFU based method was used, as described by Hanke
et al. with modifications [52]. S. aureus were seeded at
2.5 � 103 CFU per well for 24 h at 4 �C in DMEM medium supplied
with 10% fetal bovine serum (not heat inactivated), which allows
bacteria to settle and attach to the bottom of the well with
restricted proliferation. A total of 250,000 macrophages were then
aliquoted into the well and incubated for 1 h at 37 �C. Several wells
were also incubated without the addition of macrophages to serve
as a control. Disks together with the culture medium were trans-
ported to 1 mL PBS and were subject to four cycles of shaking
(1.5 min) and sonication (3 min) at 40 kHz to generate a single
bacteria suspension. Mixtures were serially diluted and plated on
agar plates for CFU counts.

2.5. Rat subcutaneous model of implant associated infection

All in vivo animal models were performed in male Wistar rats
(200 g, Charles River), according to a protocol approval by the Beth
Israel Deaconess Institutional Animal Care and Use Committee. All
animal protocols also comply with the NIH Guidelines for the Care
and Use of Laboratory Animals. Subcutaneous implantation and
subsequent bacteria injection were performed as described previ-
ously by Thurlow et al. with modifications [53]. Briefly, hair was
removed from a 5 cm � 8 cm area from the upper back. Four disks
of the same test group were surgically inserted into the subcu-
taneous tissue in each rat. Wounds were closed with sutures and
staples. The precise location of the implant was marked on the skin
surface. Using the skinmark as a guide, 24 h later, 2.6� 107 CFU of S.
aureus in 50 mL of PBS was injected subcutaneously. While the
administered CFU exceed clinical relevance, the inoculation dose is
in range with previously reported rodent foreign body infection
models [5,54e56]. A 24 h delay to inoculation was selected to
decrease the confounding effect of the initial inflammatory
response inherent to surgical manipulation [54,57,58]. Rats were
euthanized 3 or 7 days after bacterial challenge and implants were
retrieved. At the time of explant, we confirmed that implants did
not migrate from the previously marked skin site. Our described
model resulted in an implant-driven, acute, reproducible infection
that fully resolved within 10 days.

To quantify the bacterial burden, implants and surrounding
tissue were surgically removed and the collected tissue sample was
weighed by analytical balance. Both implant and tissue were
minced. Sensitive broth culture was used to detect implant infec-
tion [5,59e62]. Minced implants were sonicated in Luria-Bertani
broth medium at 40 kHz for 5 min to detach bacteria and incu-
bated at 37 �C with shaking at 225 rpm for 20 h, as an amplification
period to increase the sensitivity of bacterial detection [5,60]. Broth
turbidity was then measured by OD600 and the culture media was
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diluted and plated on agar to verify the presence of S. aureus CFUs.
The implant was considered infected if the OD600 reading was
above the lower detection limit of 0.02 and S. aureuswas present on
the agar plate. Infection rate (%) was calculated by dividing the
number of infected implants by the total number of implants. To
quantify tissue bacterial burden, minced tissues were digested in
2 mg/mL of collagenase (Sigma-Aldrich) for 2 h with constant
agitation at 37 �C. The reaction was stopped by neutralizing with
10% FBS DMEM at 4 �C. Digested cell suspensions were filtered
through 70 mM cell strainers, diluted and plated on agar plates for
CFU analysis.

Leukocyte cell density on implants and in surrounding tissues
was quantified by extracting cells using the same collagenase
protocol. Single cell suspensions were mixed with cell counting
beads (X1272K, Exalpha) for flow cytometric determination of total
cell number. Cell suspensions were co-stained with leukocyte CD45
antibody (561586, BD Pharmingen) together with either anti-
macrophage antibody (554901, BD Pharmingen) or anti-
neutrophil antibody (550002, BD Pharmingen) for flow cyto-
metric determination of the leukocyte composition. Cell number
was further normalized by tissue weight to calculate cell density.

To visualize infection and inflammation around the implants,
histological analysis of tissue sections was performed. Tissue blocks
were fixed overnight in 10% neutral buffered formalin and pro-
cessed for paraffin embedding by Auotstainer XL (Leica). Embedded
blocks were further sectioned at 5 mm thickness. To visualize S.
aureus, sections were cleared in xylene and rehydrated through
alcohol gradient and stained with tissue gram stain kit (HT90,
Sigma-Aldrich) following the manufacturer's protocol. Briefly,
sections were stained sequentially with crystal violet solution,
Gram's Iodine, counterstained with safranin O and tartrazine so-
lution separated by washing steps with alcohol and water and
cleared in xylene for mounting. Tissue Gram stain was used to
demonstrate the gross bacterial load rather than visualize indi-
vidual bacteria morphology [53,63]. To visualize the inflammatory
response, hematoxylin and eosin staining (H&E) was performed.
Briefly, sections were cleared with xylene, rehydrated through
alcohol gradient, stained by Hematoxylin, washed by acid and
ammonia solution, rinsed in water and exposed to Eosin followed
by dehydrating through graded alcohols and cleared in xylene. All
sections were mounted using Permount (Fisher Scientific) and
visualized using BX41 microscope (Olympus) with a 4x, 20x or
100x oil immersion objective lens. Microscale surface morphology
of the retrieved implants was examined by SEM, as described
above.

2.6. Host response to sterile subcutaneous implantation of SLIPS-
treated samples

To examine the host response to unmodified or SLIPS-modified
ePTFE implants in the absence of a bacterial challenge, the same
implant procedure was conducted excluding bacterial inoculation.
Four days after implantation, leukocyte cell density on implants
and in surrounding tissues was quantified by flow cytometry as
described above. After a 7 day implant period, the entire implant
and associated peri-implant tissue was surgically removed and
processed, as described above. To quantify encapsulation thickness,
sections were stained using Masson's Trichrome staining kit (HT15,
Sigma-Aldrich), following the manufacturer's protocol. Capsule
thickness was defined as thickness of the collagen connective tis-
sue, stained blue, extending from the basal side or apical side of the
implant. For each section, at least three measurements were ob-
tained. Two to three sections from each implant were quantified to
determine average capsule thickness. An average of five implants
was quantified for each group.

2.7. Statistical analysis

Data are expressed as mean ± standard deviation (s.d.) in bar
graphs or as a mean value in dot plots. Statistical differences were
assessed using one-way ANOVA and post hoc testing performed
using Bonferroni's modification of Student's t-test for multiple
comparisons (GraphPad Prism 5.0). Percentage difference was
examined by chi-square test. A p value of less than 0.05 was
considered statistically significant.

3. Results

3.1. SLIPS interfaces are stable in an aqueous environment and
resist bacterial adhesion

ePTFE samples were readily modified with an immobilized
fluorinated liquid overlayer to create a water-repellant SLIPS
interface (ePTFE-SLIPS), as illustrated by a water droplet sliding
angle assay. The tilt angle at which awater droplet begins to slide is
30� for unmodified ePTFE, but decreases to about 10� for SLIPS
interfaces composed of PFPE and PFPH liquids and to about 5� when
ePTFE was modified with PFD (Fig. 1A). The stability of the SLIPS
lubricant layer in an aqueous environment was examined by sub-
merging ePTFE-SLIPS samples in phosphate buffered saline (PBS).
The uniformity of the SLIPS interface was assessed by confocal
microscopy in reflection mode. In freshly prepared samples, a ho-
mogenous, defect free, bright field was observed caused by reflec-
tion of the incident laser light from the smooth liquid surface,
which was unchanged after 1 week in PBS, regardless of the nature
of the infused lubricant (PFPE, PFPH, PFD) (Fig. 1B). When ePTFE-
SLIPS samples were incubated in air, surface loss of the most vol-
atile fluorinated lubricant (PFD) was observed after 30 min, while
PFPH and PFPE displayed greater stability (Fig. 1B and
Supplementary Fig. 1).

ePTFE-SLIPS samples were incubated with S. aureus for 48 h in
bacteria growth media to assess their resistance to bacterial
adhesion. After a brief rinse to remove planktonic bacteria, sam-
ples were fixed and initially examined by scanning electron mi-
croscopy (SEM). S. aureus aggregates were observed on
unmodified ePTFE surfaces with few or no bacteria on SLIPS-
modified samples (Fig. 1C). Adhered bacteria were detached via
sonication, and a CFU assay was used to quantify surface adherent
S. aureus, which demonstrated a 98.3%, 99.7%, and 99.1% reduc-
tion in bacterial adhesion for PFPE, PFPH and PFD coated surfaces,
respectively (Fig. 1D, p � 0.05, n ¼ 6/group, one-way ANOVA and
post hoc testing performed with Bonferroni's modification of
Student t-test for multiple comparisons). The functional stability
of the SLIPS system in a physiologically relevant environment
over time was examined by incubating ePTFE and PFPE or PFPH
coated ePTFE test samples in 50% rat serum for 1, 7, 14, and 21
days with subsequent exposure to S. aureus for two days. PFD was
not included due to significant vaporization observed beyond 7
days of incubation, a finding consistent with its high vapor
pressure. A similar 100-fold reduction in bacterial adhesion in
PFPE and PFPH coated ePTFE samples was maintained over the 21
day exposure period (Fig. 1E). This experiment was also per-
formed in PBS yielding comparable results (Supplementary
Fig. 2). These data demonstrate that a variety of fluorinated liq-
uids, including PFPE, PFPH, and PFD can be incorporated into
ePTFE as immobilized SLIPS interfaces with excellent physical and
functional stability under aqueous conditions. Moreover, despite
prolonged exposure periods to bacteria in protein rich serum and
growth media, SLIPS treatment significantly reduced S. aureus
adhesion to ePTFE.
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3.2. SLIPS-modified implants do not alter macrophage bactericidal
activity

Macrophage adhesion, viability, phagocytosis, and bactericidal
activity were examined on unmodified and SLIPS-modified ePTFE.
Macrophage attachment after a 2 h incubation period was reduced
by ~80% on all SLIPS substrates (Fig. 2A) with no impact observed on
macrophage viability after a 24 h culture period on test samples
(Fig. 2B). Macrophage phagocytosis was determined by co-
incubating green fluorescent S. aureus with blue fluorescent mac-
rophages cultured on unmodified or SLIPS-modified ePTFE disks.
Phagocytosis of S. aureuswas qualitatively observed on ePTFE-SLIPS
after 30 min (Fig. 2C and Supplementary Fig. 3) using confocal
microscopy, suggesting that macrophages cultured on both SLIPS
and unmodified ePTFE substrates displayed similar phagocytic ac-
tivity. Flow cytometry was used to quantify macrophage bacterial
uptake [51]. We observed no statistical difference between ePTFE
and SLIPS-ePTFE, confirming that SLIPS coatings do not impact
phagocytosis (Fig. 2DeE). Since viable S. aureus may persist after

phagocytosis [64], the ability of macrophages to exert an effective
bactericidal effect in the presence of a SLIPS-modified substratewas
determined using a colony forming unit assay. A ~50% reduction in
CFU was observed after exposure of macrophages to S. aureus for
1 h, which was similar on both SLIPS-modified and unmodified
substrates (Fig. 2F). Although macrophage adhesion on SLIPS sub-
strates is reduced, these data confirm that surface-immobilized
fluorinated lubricants do not compromise macrophage viability or
their ability to engulf or kill S. aureus.

3.3. ePTFE implants containing a SLIPS interface resist bacterial
infection in vivo

A rat model of implant-associated bacterial infection was
developed to evaluate the performance of SLIPS-modified implants
in vivo. ePTFE or ePTFE-SLIPS test samples were implanted into the
subcutaneous space and challenged 24 h later with injection of
2.6 � 107 CFU of S. aureus into the implant pocket. The inoculation
dose was empirically determined to drive infection only in the

Fig. 1. In vitro characterization of ePTFE-SLIPS and anti-bacterial adhesion behavior. (A) Slippery function of SLIPS was measured by tilting angle assay. (B) Reflection confocal
microscopy images of lubricant-infused surfaces submerged over varying intervals in PBS or air. (C) SEM images of ePTFE or ePTFE-SLIPS after two days in culture with S. aureus
(Scale bar: 10 mm). Red arrow: bacteria. (D) Colony-forming units (CFU) of ePTFE or ePTFE-SLIPS after exposure to S. aureus for two days. (E) CFU of ePTFE or ePTFE-SLIPS incubated
in 50% rat serum for varying intervals and subsequently exposed to S. aureus for 48h. Error bars represent mean ± s.d. from at least 3 replicates, *p < 0.05, ePTFE vs PFPE, PFPH and
PFD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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presence of an implanted biomaterial. Implants and surrounding
tissues were harvested three days after inoculation (Fig. 3A) [53].
The presence of bacteria was initially assessed by incubating
retrieved samples in culture media and monitoring turbidity. S.
aureus contamination was consistently observed for explanted
ePTFE samples, but rarely in the case of SLIPS-treated implant. The
infection rate was 92.3%, 33.3%, 0%, and 0% for ePTFE, PFPE, PFPH,
and PFD, respectively (p < 0.05 vs. ePTFE, n z 9/group, chi-square
test for significance; Fig. 3B). Similar results were observed from
the OD600 measurement of culture broth (Supplementary Fig. 4).
Likewise, SEM imaging of explanted ePTFE samples, which had not
been exposed to bacteria, revealed the presence of a fibrous surface
matrix and occasional leukocytes (Fig. 3C). Upon bacterial chal-
lenge, fibrous matrix deposition was more pronounced and both
leukocytes and aggregates of S. aureus were observed. Notably, all
SLIPS-modified samples were free of matrix, cells, and bacteriawith
surface topography identical to that of pre-implant ePTFE (Fig. 3C
and Supplementary Fig. 5). Bacterial Gram staining confirmed
strong staining at the ePTFE implant-tissue interface, which
extended 100 mm from the implant surface (Fig. 3D and
Supplementary Fig. 6). ePTFE-SLIPS implants displayed limited
staining for S. aureus at the implant-tissue interface. In this acute
infection model, unmodified ePTFE implants were culture free by
10 days.

Bacterial staining of the peri-implant tissue, approximately
500 mm away from the implant surface, demonstrated scattered
bacteria in all test groups three days after S. aureus inoculation
(Fig. 4A). Consistent with this observation, bacterial CFU/mg of
peri-implant tissue was similar for all samples, including tissue
harvested after bacterial challenge, but in the absence of an
implanted material (Fig. 4B). At day 7, there were no detectable
CFUs in animals that received S. aureus inoculation in the absence of
implant. Day 7 bacterial persistence in the peri-implant host tissue
was observed in 25% of unmodified implants, 10% for PFPE- and
PFPH-modified surfaces, and 0% in PFD-modified implants

(Fig. 4CeD), these results were not significant. Collectively, these
data support that SLIPS modification specifically limits colonization
at the implant surface.

3.4. SLIPS reduces the magnitude of the local inflammatory
response

As evident three days after inoculation of S. aureus, bacterial
challenge triggered an intense inflammatory response in the vi-
cinity of unmodified ePTFE implants (Fig. 5 C,F). Notably, only a thin
cellular infiltrate was observed immediately adjacent to all three
SLIPS implant groups with only a mild level of immune cell infil-
tration within the peri-implant host tissue (Fig. 5GeL). A more
limited inflammatory cell response was observed in the absence of
bacterial inoculation (Fig. 5 A,D) or in response to S. aureus chal-
lenge in the absence of an implant (Fig. 5B,E).

We used flow cytometry to quantify infiltration of CD45þ leu-
kocytes, macrophages, and neutrophils associated with S. aureus
challenge to unmodified ePTFE and ePTFE-SLIPS implants. Results
were compared to sterile ePTFE control, which illustrates a rela-
tively mild inflammatory infiltration related to the host foreign
body response (Figs 5A and 6AeC, and Supplementary Fig. 7). At the
implant surface, we observe a significantly elevated inflammatory
response in unmodified ePTFE that has been challenged with S.
aureus. This is consistent with S. aureus adhesion and inflammatory
abscess formation around ePTFE implants (Fig. 5C and Fig. 6AeC).
We observe a 90% reduction in leukocyte response to S. aureus
challenged ePTFE-SLIPS implants, consistent with our hypothesis
that SLIPS lubricants prevent S. aureus adhesion and subsequent
abscess formation (Fig. 6AeC). Peri-implant tissue inflammation
was also quantified using flow cytometry; controls included both
unmodified, sterile ePTFE and S. aureus only (no implant) enroll-
ment. Consistent with inflammatory responses quantified at the
implant surface, we observe significantly elevated leukocyte infil-
tration in tissue surrounding the S. aureus challenged ePTFE

Fig. 2. Macrophage behavior on ePTFE-SLIPS substrates. (A) Attachment of macrophages was measured by crystal violet (CV) staining after a 1 h incubation. (B) Macrophage
viability was measured after a 24 h culture period by Alamar blue reduction. (C) Macrophage phagocytosis was visualized by confocal microscopy. CellTrace Violet-labeled mac-
rophages (blue fluorescence) were exposed to Syto-9-labeled S. aureus (green fluorescence) for 30 min. MØ: macrophages; SA: S. aureus. Red arrow highlights engulfed bacteria. (D)
Flow cytometry of bacterial phagocytosis by macrophages after a 1 h incubation period at 37 �C or 4 �C. (E) Phagocytosis was calculated by subtracting macrophage-associated
fluorescence intensity at 4 �C from that measured at 37 �C. (F) The effect of SLIPS on bactericidal potential of macrophages. Macrophages were incubated with S. aureus for 2 h
and viability was examined by a colony forming unit assay. Error bars represent mean ± s.d. from at least 3 replicates (*p < 0.05). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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implant. Tissue leukocyte presence was reduced 50% in S. aureus
challenged ePTFE-SLIPS, equivalent to tissue inflammation
observed with sterile ePTFE and S. aureus only enrollment
(Fig. 6DeF). Significantly, these results suggest that the material-
associated infection is driving the immune response.

3.5. SLIPS reduces capsule thickness in a sterile implant model

SLIPS biocompatibility and stability were evaluated in a sterile
subcutaneous implant model. One week after implantation, the
presence of a SLIPS interface reduced capsule thickness by ~50%
both from the basal side (Fig. 7A and B) and the apical side
(Supplementary Fig. 8) without discernible loss of the fluorinated
SLIPS lubricant (Supplementary Fig. 9). Macrophages are largely
responsible for orchestrating the host foreign body response by
release of inflammatory mediators, such as IL-1b and IL-6 [65].
Indeed, exposure of macrophages to ePTFE alone upregulated IL-1b
and IL-6 expression by ~60- and ~12-fold, respectively (Fig. 7C and
D). In contrast, IL-1b and IL-6 expression were reduced by 80% and
60%, respectively, when macrophages were cultured on SLIPS-
treated implants. These data suggest that SLIPS may limit the
encapsulation response by attenuating macrophage activation.

4. Discussion

Over half of the 1.7 million annual nosocomial infections in the
US are device-associated, resulting from surface colonization by
microbes [66]. Intra- and extracorporeal synthetic biomaterials,
such as those used for urinary and vascular catheters, prosthetic
vascular grafts andmeshmaterials, as well as hemodialysis systems
are all prone to biofouling. The development of a device-associated
infection can be attributed to the propensity of bacteria to form
biofilms on all currently available biomaterials, as well as the ca-
pacity of a foreign material itself to impair local innate immune
responses [67,68]. Together, the presence of a biofilm and impaired
local host defense mechanisms facilitate bacterial colonization and
infection in the peri-implant tissue [3e5,69,70]. Current methods
to combat biofouling include schemes to prevent nonspecific pro-
tein and cell adhesion or strategies for the presentation or elution
of bactericidal agents. However, the inability to identify a unique
set of physiochemical features that afford a truly non-adhesive film,
the broad range of anti-microbial sensitivities among microor-
ganisms, and the finite capacity of drug reservoirs continue to limit
these approaches.

To date, SLIPS have been fabricated on a variety of substrates
[32,71,72] by incorporation of an immobilized liquid interface,

Fig. 3. Bacterial resistance of ePTFE-SLIPS in vivo. (A) Schematic of in vivo model. Circular implants (d ¼ 6 mm) were surgically placed in the subcutaneous tissue on the dorsal
side of rat. S. aureus (2.6 � 107 CFU, 50 mL) was injected 24 h later into the implant site. Three days after bacterial challenge, both the implant and local tissue were harvested. (B)
Infection rate three days after inoculation. Implants were removed, minced, and sonicated in Luria-Bertani broth and cultured for 20 h at 37 �C. Implants were considered infected if
broth was turbid (as measured by OD600) and S. aureuswas present on an agar plate of the culture. Infection rate (%) was calculated by dividing the number of infected implants by
the total number of implants (*p < 0.05). (C) SEM images of retrieved implants three days after bacterial inoculation (Blue arrow: leukocytes; Yellow arrow: matrix; Red arrow:
bacteria highlighted in green; Pink arrow: red blood cell; Scale bar: 10 mm). (D) Gram stain of implant-tissue interface (S. aureus dark purple, Red arrow: bacteria, *implant pocket,
Scale bar: 100 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which is omniphobic across a broad range of temperature, pressure,
surface tension, and other conditions [29]. SLIPS-based surfaces are
stable when exposed to UV or ethylene oxide, as conditions for
device sterilization, and are low-cost, passive, and simple to
manufacture [30]. Data in this study and in a prior report demon-
strate that immobilized liquid interfaces are highly resistant to
bacterial adhesion [30], presumably because the liquid interface is
difficult for microorganisms to adhere and penetrate, even with
bacterial surfactant production. Without access to the solid mate-
rial beneath a SLIPS liquid, bacteria are unable to attach, and are
thus subject to passive removal.

This report is the first to demonstrate that an immobilized
water-immiscible liquid layer serves not only to limit biofouling in
an ambient environment, but also to impede infection in a rodent
implant model. To examine the performance of SLIPS systems
in vivo, ePTFE mesh was selected as a model implant material.
Microporous hydrophobic implants, such as those made of ePTFE,
are widely used clinically but are particularly susceptible to bac-
terial infection [44,45]. SLIPS modification was easily achieved by
infusing ePTFEwith a number of fluorinated liquids, including PFPH
which has been tested clinically [46] and PFD which is currently
undergoing human clinical trials [48]. Remarkably, SLIPS masked
conventional biomaterial niches that facilitate bacterial persistence
and proliferation in vivo, without compromising macrophage
phagocytosis or bacterial killing in vitro. As cultured neutrophils
are extremely sensitive to activation and spontaneous apoptosis,
we chose to focus in vitro studies on macrophages. In vivo, we
observe both neutrophils and macrophages participating in the
host response to resolve S. aureus from ePTFE-SLIPS implant
pockets. Therefore, a SLIPS system enables bacterial elimination in
the region of the implant and does so in the context of a substan-
tially lower innate immune response. We anticipate that this
technology will provide an important strategy to reduce the risk of
device-associated infection alongwith the attendant morbidity and
mortality associated with these complications.

In addition to diminishing the propensity of device-associated
bacterial infection, SLIPS-modified implants also displayed a

marked reduction in inflammatory capsule formation at early time
points. Specifically, as our study was limited to a seven-day char-
acterization, we do not capture the full evolution of capsule for-
mation but our results suggest that early host foreign body
response is significantly reduced with SLIPS coating. Previous re-
ports have shown that encapsulation of implants is related to
macrophage activation [73,74]. In this regard, the induction of a
thinner fibrous capsule by SLIPS-treated materials may be related
both to a reduction in the magnitude of the peri-implant inflam-
matory response and a lower level macrophage activation, as
measured by decreased expression of IL-1b and IL-6 [74,75].

The SLIPS system described in this report was designed for use
on permanent implants and primarily functions as a non-adhesive
coating. As such, it was designed to prevent bacterial adhesion and
biofilm attachment that occurs in the acute period following sur-
gical intervention and does not facilitate tissue integration given
concerns that surfaces favoring host cell adhesion promote
attachment of microorganisms that use similar mechanisms for
adsorption [76]. The inability to simultaneously promote tissue
integration while reducing the risk of device infection may be a
limitation of the current technology. Indeed, the “race for the sur-
face” paradigm, which describes the competition between cell
integration and bacterial adhesion to implant surfaces, emphasizes
the critical importance of establishing immunocompetent host
integration before microbial colonization for long term implant
success [12,76]. Multifunctional surfaces that promote host cell
adhesion while simultaneously antagonizing microbial attachment
remain a challenge to the biomaterials community. SLIPS coatings
can be tailored to provide either acute or long term stability and,
although not a focus of the current report, SLIPS coatings provide
both anti-microbial and anti-thrombotic functionality [35] and,
therefore, perform in the desirable class of next-generation, multi-
functional surfaces. SLIPS stability over an acute course (weeks)
following surgical implantation may be the most desirable
application. This would provide immediate protection from mi-
crobial colonization and, over the desired timeline, the surface
would evolve to allow host integration and long term

Fig. 4. Bacterial burden in peri-implant tissue. (A) Gram stain of peri-implant tissue (S. aureus dark purple, Red arrow: bacteria, Scale bar: 100 mm). (B) Bacterial CFU in local tissue
three days and 7 days (C) after inoculation. Local tissue was collected, digested, diluted and plated on agar plate to count CFU, which was normalized by tissue weight. Results are
presented from individual implants. (D) Infection rate was calculated at day 7 by dividing the number of infected tissue samples by total sample number. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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immunocompetence. The inherent stability of a surface bound
SLIPS liquid is dependent upon the extent of physical entrapment
within the porous substrate and the chemical affinity between the
liquid and solid. Although fluorinated liquids are all immiscible in
water, vapor pressure may vary widely. For example, per-
fluorodecalin has a high vapor pressure and, when injected intra-
venously as an oxygen carrier, displays a half-life of less than 24 h
[77]. Indeed, when PFD-based SLIPS implants were stored in air, the
infused liquid was largely lost within 1 h. However, once placed
within a closed subcutaneous space, the PFD liquid layer remained
intact throughout the implantation period. This observation is
consistent with that of similar test samples incubated in PBS
in vitro, as well as with prior reports of SLIPS surfaces in direct
contact with blood under physiologic flow conditions [78]. SLIPS
systems, derived from the fluorinated liquids, PFPH and PFPE,

contain surface liquid layers with intrinsically lower vapor pres-
sures, and greater viscosities. These systems displayed enhanced
persistence of the surface-bound liquid in open air. While little
difference was noted among the various SLIPS systems at the time
of implant retrieval on days 3 and 7, presumably those systems
based on PFPH and PFPE would exhibit extended in vivo durability
compared to PFD due to reduced vapor pressure. This is supported
by the extended stability assay in vitro, where PFPH and PFPE
coated implants resist bacterial adhesion for incubation periods of
at least 21 days. Although not addressed in the current study, in
principle, a liquid could be selected to reduce the likelihood of
device-associated bacterial infection immediately following surgi-
cal implantation, while subsequently dissipating to allow tissue
integration at a later time point. Lastly, although additional studies
are necessary, it is likely that the effect of reduced biofilm

Fig. 5. Histological staining of implants and peri-implant tissue. Three days after inoculation, whole tissue blocks were harvested for hematoxylin and eosin staining. (A,D) ePTFE
alone. (B,E) S.aureus (SA) alone. (C,F) ePTFE þ SA. (G,J) ePTFE þ PFPE þ SA. (H,K) ePTFE þ PFPH þ SA. (I,L) ePTFE þ PFD þ SA. (A-C, G-I) Magnification 4x. Scale bar: 1 mm. (D-F, J-L)
Magnification 20x. Scale bar: 100 mm (*implant pocket). Red arrows highlight immune cell infiltration. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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attachment noted with S. aureus in vivo may extend to additional
bacterial species, as it has previously been demonstrated that in
static and physiologic flow conditions in vitro, SLIPS surfaces
significantly reduce Pseudomonas aeruginosa and Escherichia coli

biofilm attachment by approximately 35 fold [30].
A recent study has reported that a tethered liquid perfluoro-

carbon (TLP) surface could prevent thrombus formation in a pig
arteriovenous shunt model for up to 8 h [35]. In this system, a PFC

Fig. 6. Flow cytometric analysis of inflammatory response within the vicinity of the implant and the peri-implant tissue. Three days after bacterial challenge, implants and
surrounding tissue were harvested and digested with collagenase. Flow cytometry was performed with anti-CD45 (A, D), anti-neutrophil (B, E) and anti-macrophage antibodies (C,
F). Results are presented from individual implants combined from at least two independent experiments (*p < 0.05).

Fig. 7. Host response to SLIPS at day 7. ePTFE or ePTFE-SLIPS implants (d ¼ 6 mm) were harvested at 7 days. (A) Masson's trichrome staining demonstrated a substantially thinner
capsule surrounding the ePTFE-SLIPS implant (Yellow line indicates capsule, *implant pocket, Scale bar: 500 mm). (B) Quantification of capsule thickness. (C, D) Effect of SLIPS on
macrophage cytokine expression. Macrophages were cultured on tissue culture plastic (TCP), ePTFE or SLIPS-treated ePTFE for 18 h and IL-1b and IL-6 measured by q-PCR. Error bars
represent mean ± s.d. from at least 3 replicates, *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lubricant was incorporated as a liquid layer within a surface-
tethered ultrathin perfluorinated polymer film bound to a non-
porous polymer substrate. The current study is the first to charac-
terize SLIPS-modified implants for extended periods in vivo and is
the first to demonstrate the capacity of SLIPS to significantly limit
the risk of device associated bacterial colonization and implant
infection in vivo. Although ePTFE-SLIPS implant surfaces resolved S.
aureus infection by day 3, we did observe some persistence of S.
aureus in peri-implant tissue up to day 7. This observation is
consistent with recent reports that suggest peri-implant tissue can
serve as a niche for infection and perhaps create a chronic threat to
implant sterility [70]. Broekhuizen et al. used a mouse model of S.
epidermidis biomaterial-associated infection and observed that as
post-implant inocula dose increased, peri-implant tissue was more
often infected than silicon elastomer implant surfaces [5]. In a
follow up study, Riool et al. examined the capacity of pre-
established S. epidermidis implant (titanium or silicone elastomer)
colonization to spread to peri-implant tissue. At 4 days post-
implantation, the authors observed a high incidence of culture
positive peri-implant tissue and consistent co-localization with
macrophages [79]. Because mouse model, inoculum strain, and
material implant properties all dictate the prevalence of tissue or
material colonization, it can be difficult to correlate these S. epi-
dermidis studies with our S. aureus ePTFE implant model. However,
persistent colonization of peri-implant tissue would certainly pose
an extended threat to implant sterility. Several recent approaches
have reported the ability to impart anti-bacterial activity to bio-
materials in vivo in long term studies, however these strategies
have required the chemical modification of existing materials or
the design of completely novel materials with an attendant need to
fully define the clinical safety and efficacy profile [14,16]. The SLIPS
systems used in this study were easily generated by combining
clinically approved materials without a requirement for further
modification. Thus, in practice ePTFE materials can undergo ster-
ilization prior to coating and can be stored dry prior to implanta-
tion. Ideally, the graft material will be packaged with a SLIPS
lubricant, which can then be applied either directly or by sub-
mersion in the operating room, as this process typically only takes
minutes and can be performed during the procedure after the exact
size and shape of the graft to be implanted is decided upon by the
surgical team. In these circumstances, the shelf life would be on the
order of years, as each component would be separately prepared
and packaged. It should be noted that ePTFE membranes were
employed in this study due to their frequent use in the clinical
setting and their potential for secondary infection [44,45]. How-
ever, SLIPS can also be fabricated on other common biomaterials,
including non-porous acrylic or polysulfone substrates after cova-
lent binding of a tethered perfluorocarbon with subsequent infu-
sion of a liquid perflurodecalin [35]; polydimethylsiloxane (PDMS)
infused with silicone oil [34]; and steel surfaces after electrode-
position of nanoporous tungsten oxide coating, surface modifica-
tion with a perfluroalkyl-bearing phosphate, and infusion with a
fluorinated perfluropolyether lubricant [80].

5. Conclusion

Immobilized slippery liquid coating of medical devices provides
a novel strategy for preventing bacterial adhesion and device
infection. The studies reported herein demonstrate that SLIPS can
be generated by infusing medical material ePTFE with clinically
relevant perflurocabron liquids. The SLIPS modified material pre-
vents bacterial attachment while preserving the viability and
bactericidal function of macrophage in vitro. Upon implantation
in vivo, SLIPS limits bacterial manifestation on the surface of
implant and largely reduces local inflammation. In case of sterile

implantation, SLIPS modification results in a beneficial thinner
fibrous capsule likely due to a reduced macrophage inflammatory
cytokine secretion. As demonstrated herein, SLIPS presents a
promising technology that may have a transformative impact in
reducing the risk of device-associated infection.
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