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ABSTRACT: We report a layer-by-layer suction-and-flow approach that enables fabrication of
polymer-based ‘slippery’ liquid-infused porous surfaces (SLIPS) in the confined luminal spaces
of flexible, narrow-bore tubing. These SLIPS-coated tubes can prevent or strongly reduce surface
fouling after prolonged contact, storage, or flow of a broad range of complex fluids and
viscoelastic materials, including many that are relevant in the contexts of medical devices (e.g.,
blood and urine), food processing (beverages and fluids), and other commercial and industrial
applications. The robust and mechanically compliant nature of the nanoporous coating used to
host the lubricating oil phase allows these coated tubes to be bent, flexed, and coiled repeatedly
without affecting their inherent slippery and anti-fouling behaviors. Our results also show that
SLIPS-coated tubes can prevent the formation of bacterial biofilms after prolonged and repeated
flow-based exposure to the human pathogen Staphylococcus aureus, and that the anti-biofouling
properties of these coated tubes can be further improved or prolonged by coupling this approach
with strategies that permit the sustained release of broad-spectrum antimicrobial agents. The
suction-and-flow approach used here enables the application of slippery coatings in the confined
luminal space of narrow-bore tubing that is difficult to access using several other methods for the
fabrication of liquid-infused coatings, and can be applied to tubing of arbitrary length and
diameter. We anticipate that the materials and approaches reported here will prove useful for
reducing or preventing bio-fouling, process fouling, and the clogging or occlusion of tubing in a
wide range of consumer, industrial, and healthcare-oriented applications.
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Introduction

Flexible tubing is used to transport liquids and other materials in an enormously broad
range of commercial and industrial contexts, but is susceptible to fouling in ways that can be
costly in both economic and human terms. Bacterial fouling on the surfaces of indwelling
catheters, for example, can lead to systemic infections that are expensive to treat and can be life-
threatening, particularly in immunocompromised patients.'™ In turn, clotting of blood in venous
catheters and arteriovenous shunts can lead to occlusion and result in fatal complications.””
More broadly, the fouling of tubing can also lead to contamination, downtime, and high
replacement costs in the chemical process industry and in many other healthcare, consumer, and
military applications.”'' Surface treatments that can kill or prevent the adhesion of
microorganisms and keep the surfaces of tubing clear of liquids, viscoelastic solids, or other
contaminants thus have the potential to have enormous economic and social impacts. In this
paper, we address this challenge and report approaches to the assembly of chemically and
mechanically robust anti-fouling coatings in the luminal spaces of narrow-bore tubing used in
many biomedical applications and in a variety of other commercial processes.

The work reported here leverages the properties of an emerging class of synthetic and
anti-fouling soft materials known as ‘slippery liquid-infused porous surfaces’ (SLIPS) or ‘liquid-
impregnated surfaces’ (LIS)."*"* SLIPS and LIS are typically fabricated by the infusion of a
lubricating liquid, usually a viscous oil, into a chemically compatible porous or nano/micro-

12,14,16-18
textured host surface. =™

The infused liquid forms a smooth and mobile layer on the surface,
resulting in a negligible pinning force and allowing a broad range of substances, including

cultures of bacteria and other microorganisms, to simply slide off upon contact.'”">!'** This

overall design has been demonstrated to impart several additional practical advantages compared



to other classes of anti-fouling materials, including self-healing properties, high pressure and
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thermal stability, and good optical transparency. This combination of features has

attracted significant levels of interest in the development of SLIPS and LIS as self-cleaning'®?*’
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and anti-biofouling coatings and as means to endow surfaces with anti-icing, anti-
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corrosion, and drag-reducing’>”® properties. Underscoring their potential practical utility,

surfaces and coatings that exhibit slippery behaviors have recently been commercialized to coat
the surfaces of containers for the dispensing of commercial liquids and gels and to prevent
biofouling in marine environments.

Many different methods have been reported to either modify existing surfaces to render
them suitable for the infusion of oils or to fabricate materials with appropriate combinations of

roughness, porosity, and chemical functionality that can be applied to other surfaces to impart
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slippery and anti-fouling properties. These methods include electrodeposition,

20,29 27,36 37,38

lithographic patterning, polymer-induced wrinkling, electro/blow-spinning, sol-gel
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methods, chemical vapor deposition (CVD),"" and layer-by-layer assembly, and have
enabled the fabrication of SLIPS with vastly different compositions and structures. These
techniques are all well suited for the fabrication of SLIPS and LIS on surfaces that are external,
exposed, or otherwise readily accessible (e.g., the inner surfaces of wide-mouthed containers).
However, most of these methods are inadequate for applying slippery coatings to the inner
surfaces of objects with more restricted luminal spaces, including the insides of narrow-bore
tubing or the channels of microfluidic devices. As a result, there is only a handful of reports on
the fabrication of SLIPS-based coatings on the inside surfaces of flexible tubing >>>**#447 [y

one example, Leslie et al. reported an approach to fabricate SLIPS on the surface of medical-

grade tubing used to design arteriovenous shunts based on the covalent attachment of



perfluorocarbon functionality to the surface, followed by infusion of a fluorinated liquid phase.”
In another example, MacCallum et al. demonstrated an approach to the design of slippery
catheter tubing by the direct impregnation of silicone oil into silicone-based tubing.*® The results
of these past studies underscore the potential of liquid-infused coatings to prevent fouling in
flexible tubing used in several important biomedical applications and other commercial contexts.

Here, we report a layer-by-layer ‘suction-and-flow’ approach that can be used to fabricate
uniform and conformal polymer-based SLIPS on the luminal surfaces of narrow-bore tubing.
This approach can be applied to tubing of arbitrary diameter and length to impart features,
including surface and bulk nanoporosity and hydrophobic character that are essential for the
subsequent infusion and retention of lubricating oils, increasing the potential for integration of
these materials in practical contexts. Moreover, these coatings are physically stable and
mechanically robust, permitting them to flex, bend, and survive coiling and other forms of
physical manipulation typically experienced by flexible tubing in real-world scenarios. Our
results reveal SLIPS-coated tubing to exhibit robust resistance to fouling during the storage or
flow of a range of commercial liquids and other substances, as well as prolonged contact with
physiological fluids such as blood and urine. Finally, we demonstrate that these slippery coatings
maintain anti-fouling properties after ethylene oxide sterilization and that they can be designed to
resist the formation of bacterial biofilms for extended periods, either by leveraging their inherent
slippery properties or by loading antimicrobial agents that also kill planktonic organisms. When
combined, these results provide new pathways toward the fabrication of anti-fouling coatings in
flexible tubing used in a broad range of healthcare-oriented applications and other industrial and

commercial scenarios in which fouling is endemic.



Materials and Methods

Materials. Polyethyleneimine (Mw ~25,000, Mn ~10,000, branched), acetone, methanol,
tetrahydrofuran, acetonitrile, silicone oil (p = 0.963 g/mL, n = 45-55 cSt), sodium chloride,
calcium chloride, anhydrous magnesium chloride, sodium citrate tribasic dihydrate, sodium
sulfate, potassium phosphate monobasic, ammonium chloride, urea, anhydrous creatinine,
sodium oxalate, triclosan, and crystal violet (CV) were purchased from Sigma-Aldrich
(Milwaukee, WI). Triton X-100 and Tris-HCl were purchased from Promega (Madison, WI).
Potassium chloride and PE tubing (1/8” ID x 1/4" OD x .062") were purchased from Fisher
Scientific. Phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCIl, 10 mM phosphate; pH
7.4) was prepared from OmniPur 10x concentrate (Millipore Sigma, Milwaukee, WI). Ethanol
was obtained from Decon Laboratories (King of Prussia, PA). n-Decylamine was purchased from
Acros Organics (New Jersey, USA). 2-Vinyl-4,4-dimethylazlactone (VDMA) was a kind gift
from Dr. Steven M. Heilmann (3M Corporation, Minneapolis, MN). Poly(2-vinyl-4,4-
dimethylazlactone) (PVDMA, MW = 53,000, D = 4.1, degree of hydrolysis = 22%) was
synthesized by the free-radical polymerization of VDMA, as described previously.*® Compressed
air used to dry samples was filtered through a 0.2 pm membrane syringe filter. Water with a
resistivity of 18.2 MQ was obtained using a Millipore filtration system. Brain heart infusion
(BHI) medium was purchased from Teknova (Hollister, CA). Wild-type S. aureus (RN6390b;
NTCC8325 cured of prophages) was used for all experiments with bacteria.*” Freshly expired
human red blood cells were obtained from the blood bank at the University of Wisconsin
Hospital and Clinics. Fresh porcine blood was collected in a 50 mL conical centrifuge tube with

3.4% sodium citrate in PBS at a ratio of 9:1 (blood:citrate) from the Meat Plant located in the



Meat Science & Animal Biologics Discovery Building (UW-Madison, Madison, WI). Lake
water was locally sourced from Lake Mendota, Madison, WI. Double India Pale Ale (Double
Dog IPA; Flying Dog Brewery) was purchased from a local liquor store (Madison, WI). Tomato
ketchup (Simply Heinz, Kraft Heinz Company) and soy sauce (Kroger) were purchased from
Pick ‘n Save (Madison, WI). Pooled human urine was purchased from Innovative Research Inc.
(Novi, MI). Synthetic urine (SU) medium was prepared according to a prior report.”® The pH was
adjusted to 6.0 and the medium was filter-sterilized by passing it through a 0.22 um pore filter.
All materials were used as received without further purification unless otherwise noted. All
experiments were performed in triplicate unless otherwise mentioned.

Instrumentation, Data Handling, and General Considerations. Scanning electron
micrographs were acquired using a LEO 1550 SEM at an accelerating voltage of 3 kV using an
in-lens SEM detector. Coated tubes were sectioned into segments ~1 c¢cm long and then sliced
longitudinally to expose the coated luminal surface. Samples were coated with a thin layer of
gold using a gold sputterer operating at 10 mA under a vacuum pressure of 50 mTorr for 2 min
before imaging. ATR-IR measurements were made using a Bruker Tensor 27 FTIR spectrometer
outfitted with a Pike Technologies Diamond ATR stage (Madison, WI), and data were analyzed
using Opus Software (version 6.5, Bruker Optik GmbH). Spectra were collected at a resolution
of 2 cm™ and are presented as an average of 16 scans. Data were smoothed by applying a nine-
point average and baseline-corrected using a concave rubber band correction (10 iterations, 64
points). Digital photographs and videos were acquired using a Samsung Galaxy S8+ smartphone.
Contact angle measurements were obtained using a Dataphysics OCA 15 Plus contact angle
goniometer at ambient temperature with 2 pL droplets of Milli-Q water. For staining with CV,

tubing segments were filled with a 0.1% CV solution in ethanol and incubated for 10 s, and then



the segments were washed with Milli-Q water to remove unbound CV. Droplet sliding times
through tubes were measured by placing the desired volume of a water droplet inside a tubing
segment held vertically. The time required for the droplet to slide through a predetermined length
of the tubing segment was measured using a digital timer. For ethylene oxide (EO) sterilization,
multilayer-coated tubing segments (30 cm long, both dry and oil-infused) were sealed in
DEFEND self-sealing sterilization pouches and sterilized using a commercial EO sterilization
process commonly used to sterilize medical equipment. UV/Vis absorbance values for solutions
used to characterize the loading of triclosan were recorded using a Beckman Coulter DU520
UV/Vis spectrophotometer (Fullerton, CA). For measurements of absorbance at 600 nm (ODygp)
used to monitor bacterial cell growth, 200 pL of cell suspension were added to a clear-bottomed
96-well plate, and absorbance was measured at a wavelength at 600 nm using a Synergy 2 plate
reader (Biotek) with Gen5 1.05 software. When ODgo was found to be above 1.0, the cell
suspensions were diluted accordingly using fresh media until ODgoy was in a readable range (<
1.0). All numerical data were analyzed using Microsoft Excel for Office 360 and plotted using

GraphPad Prism 7 (version 7.0h).

Fabrication of SLIPS-Based Coatings. Tubing segments were cut to desired lengths, cleaned
with acetone, dried under a stream of filtered and compressed air, and oxygen plasma-treated for
600 s (Plasma Etch, Carson City, NV). Multilayers were fabricated on the luminal surfaces of the
tubing segments by a suction-assisted, flow-based method. Briefly, (i) PEI solution (20 mM in
acetone) was pulled up into tubing segments manually by suction using a glass pipette, and the
solution was held inside the tubing for 20 s and then forced out; (ii) acetone was pulled up and

held inside the tubing for 20 s and then pushed out to rinse the tubing, followed by a second



acetone rinse; (iii) PVDMA solution (20 mM in acetone) was pulled up into the tubing and held
inside for 20 s and then forced out, and (iv) tubing was rinsed again using the procedure outlined
in step (ii). This cycle was repeated (typically 25 times) to fabricate porous polymer multilayers
consisting of the desired number of PEI/PVDMA layer pairs (referred to from hereon as
‘bilayers’). The concentrations of the polymer solutions were maintained during assembly by the
addition of acetone as needed to compensate for solvent evaporation. After fabrication,
multilayers were dried under a stream of filtered, compressed air and used in subsequent
experiments immediately or stored in a vacuum desiccator until use. All films were fabricated at

ambient room temperature.

Chemical Functionalization of Reactive Multilayers and Infusion of Silicone Oil. Porous
polymer multilayer-coated tubing segments containing unreacted azlactone groups, prepared as
described above, were filled with solutions of n-decylamine (10 mM in THF), reversibly sealed
with custom-built metal caps, and then incubated overnight at room temperature. The tubing
segments were then rinsed with THF and acetone, dried with filtered air, and placed under
vacuum overnight. The resulting hydrophobic multilayer-coated tubing segments were infused
with silicone oil by dispensing a desired volume of silicone oil at the top end of a vertical tubing
segment and allowing the gravity-driven spreading of the oil from the top to the bottom of the

tube. Excess oil was removed by tapping the bottom end of the tubing on a disposable wipe.

Loading and Release of Triclosan. Triclosan was loaded into porous multilayers before the
infusion of silicone oil by passing a 1 mL plug of a triclosan solution (200, 500, or 800 mg/mL)

in acetone through the multilayer-coated tubing segments (60 cm long). The tubing segments



were then dried under vacuum overnight, cut into 8§ cm long segments, and infused with silicone
oil as described above. Characterization of the loading of triclosan in these SLIPS-coated tubing
segments was performed by stirring triclosan-loaded SLIPS-coated tubing segments in 10 mL
methanol at room temperature for 1 hour. The amount of triclosan extracted from the tubing
segments into methanol was measured by UV/Vis spectrophotometry at a wavelength of 298 nm

and quantified using a standard curve prepared using triclosan in methanol.

Stability Testing of SLIPS-Coated Tubing Segments. All stability tests were performed on
tubing segments cut to desired lengths from 60 cm long segments of SLIPS-coated PE (1/8"” ID x
1/4" OD % .062") tubes fabricated using the methods described above.

Bending tests: SLIPS-coated tubing segments (30 cm long) were manually bent to form a
180° U-shaped bend (Reyrvature = 3 cm); the center of the bend was located at the center of the
tubing segment. The tubing segment was then straightened out and bent again similarly as
described above. This cycle was repeated 500 times.

Shelf-life tests: Tubing segments (30 cm long) coated with multilayer films (both dry and
oil-infused) were stored in a coiled state (radius of curvature = 5 cm) at ambient room
temperature in the dark for a period of six months.

Stability upon exposure to flow at different shear conditions: SLIPS-coated tubing
segments (8 cm long) were connected to a peristaltic pump (Watson-Marlow 120S) with a 3-
channel pump head by Tygon tubing segments, and PBS was pumped through the tubing
segments at different flow rates (0.5, 6.5, and 12 mL/min) for 7 days at room temperature. The
corresponding shear rates were 2.6 s™', 33.7 s and 62.2 s as calculated based on the following

equation:*®
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where 7 is the shear rate (s 1), Q is the volumetric flow rate, and r is the inner radius of the tubing
segments.

Contact with complex fluids: SLIPS-coated tubing segments (30 cm long) were filled
with citrated whole blood, reversibly sealed with custom-built metal caps, and allowed to sit for
two hours. For exposure to synthetic urine, tubing segments were filled with SU medium,
custom-built metal caps were used to reversibly seal the ends of the tubing segments, and then
the tubing was kept coiled (radius of curvature = 5 cm) at 37 °C for 32 days. For exposure to
ketchup, tubing segments were filled and drained (shear rate ~ 60 s') with ketchup 10 times. The
sliding times of 20 pL water droplets were measured after each fill and drain cycle.

Characterization of S. aureus adhesion: Freezer stocks of bacteria were maintained at -80
°C in 1:1 BHI:glycerol (50% v/v in Milli-Q water). Wild-type S. aureus (RN6390b) from freezer
stocks was spread on a BHI agar plate and incubated at 37 °C overnight. The plates were stored
at 4-8 °C and used for no more than one week. Prior to each experiment, a single S. aureus
colony from the plate was suspended in ~10 mL of BHI medium, and the culture was grown
overnight at 37 °C with shaking at 200 rpm. To prepare the inoculating subculture of S. aureus,
the overnight culture was washed three times with BHI containing 1% (w/v) glucose. For
washing, the desired volume of S. aureus suspension was transferred to sterilized 1.5 mL
microcentrifuge tubes and centrifuged at 16,100 x g for 5 min, followed by resuspension of the
cell pellet in an amount of fresh BHI containing 1% (w/v) glucose equivalent to the original
volume of cell suspension. The final S. aureus cell pellet after three washes was resuspended in
BHI (+ 1% (w/v) glucose) in an amount equivalent to yield a starting inoculum ODggo of 0.23 (~

10° CFU/mL).
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For short-term anti-biofouling experiments, SLIPS-coated (with or without triclosan) and
uncoated PE tubing segments (1/8” ID x 1/4” OD x .062") were cut to 8 cm long segments and
connected to a peristaltic pump with a three-channel pump head (Watson-Marlow 120S) by
Tygon tubing segments. Each type of tubing segment (SLIPS-coated, SLIPS-coated + triclosan,
and uncoated) was mounted to the peristaltic pump via a different channel, and the ends of the
tubing from each channel were immersed into a separate S. aureus suspension, prepared as
described above. The peristaltic pump was mounted at the top of the incubator, and the tubing
segments with S. aureus suspensions were positioned inside the incubator at 37 °C. The
peristaltic pump was turned on (at 1 mL/min) for 15 mins to fill the entire internal volume of all
of the tubing segments and then switched off to hold the S. aureus suspension inside the tubing
segments to mimic static incubation for 24 hours. The tubing segments were then removed from
the incubator and gently washed with DI water to remove any planktonic, non-adhered bacteria
from the luminal surface. The edges (~0.5 cm) of each tubing segment were removed, and levels
of fouling on luminal surfaces were characterized using a BacTiter-Glo assay (Promega,
Madison, WI). Briefly, BacTiter-Glo solution was prepared as described by the manufacturer’s
protocol, diluted 2x in Milli-Q water, and loaded inside the tubing segments. The tubing
segments were incubated for 5 min in the dark at room temperature. Aliquots of BacTiter-Glo
solution from the tubing segments (25 pL) were mixed with 25 pL of sterile water in a clear-
bottomed white 96-well microtiter plate. Luminescence was characterized using a Synergy 2
plate reader (Biotek) with Gen5 1.05 software.

For multiple-challenge experiments, SLIPS-coated and uncoated PE tubing segments (6
cm long; 1/8" ID x 1/4” OD x 0.062") were incubated at 37 °C and connected to a peristaltic

pump by Tygon tubing segments. Each type of tubing segment (SLIPS-coated and uncoated) was
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mounted to the peristaltic pump via separate channels, and the ends of the tubing from each
channel were immersed into separate S. aureus suspensions. Tubing segments were then
challenged by pumping S. aureus suspensions for 24 h at 1 mL/min (equivalent to a shear rate of
15 s). Three SLIPS-coated and uncoated tubing segments were then removed from the
incubator and gently washed with DI-water to remove planktonic, non-adherent cells. The ends
(~0.5 cm) of each tubing segment were removed, and fouling on the luminal surface was
characterized using the BacTiter-Glo assay as described above. The remaining tubing segments
in the incubator were washed with PBS at 1 mL/min and then challenged again with fresh S.
aureus suspension for another 24 h. The tubing segments were challenged with S. aureus in this
manner at time points of 0, 3, 6, and 10 days (see main text for additional discussion). Fresh
uncoated tubing segments were utilized for each S. aureus challenge.

Hemolysis assays: Hemolysis assays were performed using a previously reported
protocol’'”* with minor modifications. Briefly, human red blood cells (hRBCs) were washed
with Tris-buffered saline (TBS, 10 mM Tris-HCI, 100 mM NaCl, pH 7.5) until clear supernatant
was obtained (at least three washes). Aliquots of 400 puL of 1% hRBCs in TBS were loaded into
SLIPS-coated and uncoated PE tubing segments (8 cm long). The tubing segments were
reversibly sealed with custom-built metal caps leaving ~0.5 cm air gaps on both ends to prevent
any interaction of the hRBCs with the metal caps. Tubing segments were then incubated at 37 °C
for three hours. Triton X-100 (0.1% w/v) served as the positive lysis control and TBS as a
negative lysis control. After incubation, the hRBCs solution inside the tubing segments was
transferred to microcentrifuge tubes and centrifuged at 1800g for 5 min. Supernatants (50 pL)

were transferred into a 96-well UV microplate and all wells were diluted 2x with 50 pL TBS.
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Absorbance was measured at 405 nm using a Tecan M200 multiwell plate reader. The percent of

hemolysis was calculated as:

sample _ ,negative control
(A405 A4-05 ) %100
positive control Anegative control
405 405

Hemolysis (%) =

where ‘A4ps negative control’ and ‘Asos positive control’ are the average absorbance values at
405 nm of the 1% hRBCs (in TBS) and 1% hRBCs in (0.1% w/v Triton X-100 in TBS),
respectively.

Platelet adhesion assays: Anticoagulated blood, immediately after collection, was
transferred into 15 mL conical centrifuge tubes and centrifuged at 200g for 15 min. The platelet-
rich plasma (PRP) portion was collected carefully with a pipet so as not to disturb the buffy coat.
Calcium chloride (250 mM in Milli-Q water) was added to the platelet solution to achieve a final
concentration of 1 mM. Before the platelet adhesion assay, 30 cm long sections of PE tubing
segments (SLIPS-coated and uncoated) were washed by passing 1.5 mL of Milli-Q water
through the tubing segments. Each tubing segment was then filled with 1.5 mL of calcified PRP
and reversibly sealed with custom-built metal caps leaving ~0.5 cm air gaps on both ends to
prevent any interaction of calcified PRP with the metal caps. Tubing segments were then
incubated at 37 °C for 1.5 hours. Following incubation, the calcified PRP was drained out of the
tubing segments, and tubing segments were then gently washed with PBS (500 pL) to remove
non-adherent platelets from the luminal surface. The degree of platelet adhesion was determined
by measuring the lactate dehydrogenase (LDH) released when the adherent platelets were lysed
with Triton-PBS buffer (2% v/v Triton-X-100 in PBS) using a Pierce LDH cytotoxicity assay kit
(Thermo Scientific, Fitchburg, WI). The ends (~1 cm) of each tubing segment were removed,
and the tubing segments were then filled with Triton-PBS buffer (1.5 mL), reversibly sealed, and

incubated at 37 °C for one hour. After incubation, 50 puL. volumes of solution from each tubing
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segment was transferred into a 96-well UV microplate, and 50 pL of the cytotoxicity assay
reagent mixture (prepared as prescribed by the manufacturer; Pierce LDH cytotoxicity assay kit)
was added to each well. The plate was left at room temperature in the dark for 30 min, and then

absorbance was measured at 490 nm using a Tecan M200 multiwell plate reader.

Results and Discussion

Reactive layer-by-layer assembly of SLIPS in flexible tubing using a suction-and-flow approach
We previously reported a reactive layer-by-layer approach to the design of nanoporous

polymer multilayers that is suitable for the fabrication of SLIPS inside narrow-bore (~850 pm

diameter) plastic tubing.**

That approach exploited reactions between poly(ethyleneimine)
(PEI) and poly(2-vinyl-4,4-dimethylazlactone) (PVDMA, an azlactone-containing polymer that
readily reacts with primary amine functionality) and methods for the repetitive and alternating
immersion of objects into bulk polymer solutions that are well-suited for coating small segments
of tubing (e.g., ~4 cm in length) that are able to fill and drain readily when submerged (Figure
1A). Those immersion-based methods are, however, difficult, impossible, or impractical for
coating the insides of longer lengths of tubing (e.g., on the scale of meters or hundreds of
meters). To advance processes useful for fabricating nanoporous coatings in tubing of arbitrary
length, we developed a ‘suction-and-flow’ approach (Figure 1B) that uses the intermittent
application of negative and positive pressure to alternately draw and then expel solutions of
polymer into and from tubing segments. This approach is conceptually straightforward, easy to

implement, and can, in principle, be applied to tubing of any desired diameter or length because

it only requires access to the two ends of the tubing to draw and expel polymer solutions.
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Although this suction-and-flow approach is easy to implement, it was not clear at the
outset of these studies whether this approach could be used to fabricate uniform coatings or,
more importantly, to recapitulate levels of multilayer roughness and nanoporosity that arise
during iterative immersion into bulk polymer solutions needed to design robust SLIPS. To
explore the feasibility of this approach, we conducted a series of initial experiments using 60 cm
long segments of polyethylene tubing (PE; 1/8” ID) and solutions of PEI and PVDMA in
acetone. The formation of multilayers on the luminal surfaces of these tubing segments was

evident from increases in the opacity of the tubing segments as a function of the number of PEI

I

|—> PEl —— Rinse —— PVDMA —— Rlnse
»
/.
PEl —— Rinse —— PVDMA —— Rlnse

Figure 1. Schematic showing (A) a dipping/immersion-based layer-by-layer approach and (B)
the suction-and-flow-based approach used in this study to fabricate polymer multilayers on the
luminal surfaces of flexible tubing segments. Instead of submerging shorter flexible tubing
segments iteratively into polymer solutions, suction-and-flow methods permit polymer
solutions to be iteratively pulled up into and pushed out of coils of tubing of arbitrary length.
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and PVDMA layers deposited (each layer pair of PEI and PVDMA deposited during one
fabrication cycle is referred to from hereon as constituting one ‘bilayer’; see Methods for
additional details). Figure 2C shows a length of tubing coated with a film 25 bilayers thick that
was stained with the dye crystal violet (CV), which adsorbs strongly to these PEI/PVDMA films.
Inspection of this image reveals the presence of continuous color along the length of the tubing,
consistent with the presence of a uniform and conformal film on the luminal surface. The
uniformity of these coatings persisted, without the formation of visible defects, upon repeated
bending and flexing of the tubing, providing a preliminary indication of mechanical durability
(data not shown; additional characterization of the ability of these coatings to withstand physical

manipulation is included in sections below). Figure 2A-B shows representative top-down SEM
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Figure 2. A-B) Representative low and high magnification SEM images of 25-bilayer
PEI/PVDMA multilayers coated inside PE tubing segments using the suction-and-flow method.
The tubing segments were sliced longitudinally prior to imaging. C) Photo showing a
multilayer-coated PE tubing segment stained with CV solution. D) Plot showing the sliding
times of 20 pL droplets of various liquids through SLIPS-coated tubing segments 60 cm long.



images of longitudinally sliced sections of multilayer-coated tubing, and reveals evidence of both
microscale (Figure 2A) and nanoscale (Figure 2B) roughness and porosity in these coatings
(additional images of coatings fabricated in smaller-diameter tubing are included in Figure S1).
This morphology was preserved, qualitatively, along the entire length of the coated tube and is
generally consistent with nano-and micro-scale roughness observed in PE/PVDMA multilayers
fabricated by immersion-based procedures reported previously.”*® Additional characterization
of cross-sections of these coatings revealed coatings fabricated using this suction-and-flow
method to be substantially thicker (14 + 3 pm for coatings consisting of 25 bilayers) than those
fabricated using immersion-based methods (3.5 + 0.9 pum for coatings consisting of 35
bilayers).*

After fabrication, these reactive coatings were chemically functionalized by infusion with
solutions of n-decylamine. Figure S2 of the Supporting Information shows the carbonyl region of
the IR spectrum of 25-bilayer PEI/PVDMA coatings prior to and after modification with »n-
decylamine, and reveals that the peak at 1826 cm™, which corresponds to the carbonyl group of
unreacted azlactone functionality, to decrease significantly after treatment with n-decylamine,
consistent with post-fabrication covalent modification of the coating with this hydrophobic
amine. Treatment with n-decylamine imparted superhydrophobic character to these materials,
with a substantial reduction in the contact angle hysteresis of water droplets on the luminal
surfaces of the tubing segments, from 46° + 10° (6aqy = 158° + 2°, Qe = 112° + 8°) to 3° + 2°
(Bagy = 156° £ 1°, Oec = 152° + 1°; values are averages of multiple measurements made along the
60 cm length of the coated tubes).

These superhydrophobic tubing segments could be readily infused with silicone oil (see

Methods), resulting in improved transparency similar to that of uncoated tubing segments and
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slippery character throughout the length of the tubing. We characterized the slippery behavior of
the coatings fabricated inside tubes by placing 20 uL water droplets (containing food coloring
dye to aid visual inspection) at an open end of tubes held at a tilt angle of 90° and measuring the
time required for those droplets to slide through the tube unaided over a specified distance.
Figure 2D show that water droplets slid through SLIPS-coated tubing segments 60 cm long in
~16 s (see Video S1). These SLIPS-coated tubing segments were also stable and remained
slippery in contact with a range of other complex fluids, including blood, beer, lake water, soy
sauce, and human urine (Figure 2D; also refer to Video S2). Apart from blood, which slid more
slowly (over ~35 s), droplets of these liquids were observed to slide through the SLIPS-coated
tubing segments at similar times (~20 s). In contrast, droplets of these fluids got stuck inside
uncoated control tubing segments; see Video S3) and did not move through the tubes without the
aid of an external force. Finally, as an initial indicator of anti-biofouling performance, we
incubated tubing filled with inocula of the bacterial pathogen S. aureus at 37 °C for 24 hours (see
Methods). SLIPS-coated tubing segments exhibited a 96 + 2% reduction in bacterial biofilm
formation relative to levels observed in bare, uncoated tubing segments. Additional and more

challenging anti-biofouling experiments are discussed in greater detail in the sections below.
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The suction-and-flow method used here is well suited for the fabrication of SLIPS on the
luminal surfaces of tubing segments of arbitrary size and composition. For these proof-of-
concept studies, we coated tubing comprised of polyurethane, polyethylene, glass, and stainless
steel with lengths up to one meter and internal diameters ranging from 0.9-3.2 mm (see Figure 3;
additional images of a water droplet sliding through a 1-meter-long SLIPS coated tube are shown
in Figure S3). Our results show that this suction-and-flow approach can be used to impart anti-

fouling and slippery properties to the luminal spaces of various objects including, catheters,
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Figure 3. Images showing PEI/PVDMA film-coated tubing and devices of different lengths,
diameters, and materials. A) 1 meter long length of coated PE tubing, (B) 32 cm long
stainless-steel film-coated syringe needle (1.651 mm ID % 1.194 mm OD), (C) coated 32 cm
glass pipette, and (D) coated 4-French catheter (90 cm long). After infusion with silicone oil,
all tubing segments were slippery, with 20 pL droplets of Milli-Q water sliding through
unaided at times of 32 £3,9 + 1, 10 + 2, and 45 £ 5 s, respectively. Water droplets remained
stuck inside uncoated tubing segments in each case. E) Time-series images (left of the dotted
line) showing sliding of water droplets inside the marked region of the tube (dotted box)
shown in (A). Note that tubes become significantly more transparent (similar to that of
uncoated tubing segments) after infusion with oil. The water droplets remained stuck inside
an uncoated tube (E, right of the dotted line).
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needles, pipettes, and other objects that are commonly used to store, transport, and dispense a
wide range of fluids and viscoelastic solids. Based on prior reports on immersion-based methods
for the fabrication of PEI/PVDMA multilayers,”* we used acetone as the solvent to dissolve the
polymers for most of the studies reported here. We note, however, that it is possible to obtain
nanoporous coatings and fabricate SLIPS inside tubing using a range of other organic solvents,
including N, N-dimethylformamide, acetonitrile, and dichloromethane, broadening the range of
tubing types to which these slippery coatings can be applied. The results of additional
experiments described below demonstrated that these SLIPS coatings remained intact and
slippery after exposure to various forms of physical manipulation and chemical exposures

commonly experienced by tubing segments in practical scenarios.

Stability and anti-fouling properties of SLIPS-coated polymer tubing upon physical and
mechanical manipulation

We found that flexible segments of SLIPS-coated polymer tubing retained their slippery
properties after a controlled sequence of repeated bending and coiling. Figure 4A shows a plot of
the sliding times of water droplets (20 pL) in SLIPS-coated tubing segments tilted at 90°,
measured after a predetermined number of bending cycles (see Figure 4A for the image of a
single bend and the Methods section for additional details). The sliding time did not change
substantially after up to 500 bending cycles. After 500 cycles, tubing segments were stripped of
infused oil by washing with copious amounts of acetone and stained with CV (see Methods). We
did not observe cracks, bare spots, or other evidence of the loss of the multilayer coatings in the
manipulated portions of the tubing by visual inspection (Figure S4A-C). SLIPS-coated tubing

could also be stored in the coiled state for at least six months without loss of functional
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properties, such as slippery character (Figure 4B) or anti-biofouling performance. SLIPS-coated
tubing segments stored ‘on the shelf’ for six months exhibited a 95 + 4% reduction in bacterial

biofilm formation relative to levels observed in bare, uncoated tubing segments. This level of
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Figure 4. (A) Plot showing sliding times of water droplets through 30 cm long SLIPS-coated PE
tubing segments versus the number of repeated bending cycles. The inset shows a representative
photo of a single bend (see Methods). (B) Plot showing sliding times of water droplets through 30 cm
long SLIPS-coated PE tubing segments as a function of the number of days of coiled shelf storage; the
radius of the coil was 5 cm. (C) Sliding times of water droplets through 8 cm long SLIPS-coated PE
tubing segments versus days of exposure to flow at three different shear rates (2.6, 33.7, and 62.2 s™).
All sliding time measurements were performed using 20 pL water droplets and the tubing segments
were tilted at 90°. Water droplets did not slide through the uncoated (control) tubing segments.
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reduction was similar to those measured for ‘freshly prepared” SLIPS-coated tubing segments
(96 £ 2% reduction in biofilm) under otherwise identical conditions, as described above.

Tubing segments coated with nanoporous PEI/PVDMA multilayers could also be stored
‘dry’, in the absence of infused oil, for up to six months and then infused with oil immediately
prior to use without erosion of functional properties. These coatings remained superhydrophobic
(Badav = 153° + 1° and 6, = 151° £ 1°) under these conditions without any observable cracking or
peeling. Infusion of silicone oil resulted in SLIPS-coated tubing with slippery and anti-
biofouling properties similar to those described above for SLIPS-coated tubes stored in the oil-
infused state (e.g., 97 + 2% reductions in biofilm formation, relative to uncoated tubing
segments, after incubation with cultures of S. aureus for 24 hours).

The results of additional experiments demonstrated that SLIPS-coated tubing segments
retained their anti-fouling properties upon prolonged exposure to the continuous flow of liquids.
We passed PBS through SLIPS-coated tubing at three different shear rates (2.6 s, 33.7 s, and
62.2 ) for seven days to characterize stability under different flow conditions (see Methods for
additional details and corresponding flow rates). At predetermined time points (0, 1, 2, 5, and 7
days), tubing segments were removed from flow and characterized for slippery character by
measuring the sliding times of water droplets, as described above. SLIPS-coated tubing segments
remained slippery at all three shear conditions, with sliding times increasing from ~1.5 s to ~5 s
over the first day and then remaining stable for the remaining six days (Figure 4C; segments used
in these experiments were 8 cm long). After seven days, the tubes used in these experiments
were incubated with S. aureus inocula; tubing segments exposed to all three shear rates showed
robust anti-fouling performance (96 £ 5%, 96 + 6%, and 97 + 3% reductions in biofouling for

tubing segments exposed at shear rates of 2.6 s™', 33.7 s™', and 62.2 s, respectively, relative to
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levels observed in bare, uncoated segments). We note that conditions tested here were selected to
represent low-shear conditions in the range of those likely to be experienced in indwelling

26,54-56
’ In

urinary catheters, microfluidic devices, and many food processing applications.
combination with shear rates, the functional stability of these SLIPS is likely to also depend
generally upon the physicochemical properties of the material being transported through the
tube, as has been demonstrated for other oil-infused materials in different contexts (the stability
of these SLIPS-coated tubes on exposure to a broader range of complex fluids and flow
conditions is further discussed below). Finally, we note in the broader context of potential
biomedical or food service applications of these materials that these SLIPS-coated tubing
segments also retained their slippery and anti-biofouling properties after treatment with ethylene
oxide (EO) using commercial procedures commonly used to sterilize medical devices. Of note,
EO-sterilized tubes stored on the shelf for ~2 years remained superhydrophobic and
demonstrated robust slippery behaviors after infusion with silicone oil (see Figure S5 and

surrounding discussion in the Supporting Information for additional results and characterization

of EO sterilized tubing).

Functional stability of slippery tubing after prolonged contact and storage with complex fluids
SLIPS-coated tubing remained slippery and anti-fouling after prolonged exposure to a
range of chemically complex fluids, including those relevant in medical device-based
applications (blood and synthetic urine) and potential food-based applications. Figure 5A shows
a segment of SLIPS-coated tubing that was filled and incubated with whole porcine blood for
two hours, and then simply tilted to allow the blood to drain from the tube. Visual inspection of

this image reveals the inner surface of the tubing to remain free of fouling (a segment of
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Figure 5. (A) Image showing segments of uncoated (bottom) and SLIPS-coated (top) PE
tubing after contact with porcine blood for two hours. (B) Plot showing the degree of platelet
adhesion on uncoated and SLIPS-coated tubing segments after incubation with porcine PRP for
1.5 h at 37 °C. The values are normalized with respect to the number of platelets adhered to the
uncoated control (see Methods). (C) Plot showing sliding times of water droplets through
SLIPS-coated tubing segments 30 cm long versus the number of days of static incubation with
synthetic urine. Water droplets (20 pL) were used for sliding time measurements and the tubing
segments were tilted to 90°; water droplets did not slide through uncoated tubing segments. (D)
Image showing segments of uncoated and SLIPS-coated PE tubing after 10 passes of tomato
ketchup (shear rate ~ 60 s™'; see text). Scale bars are 10 mm.

uncoated and fouled control tubing is also shown for comparison). The ability of SLIPS-coated
tubing to prevent fouling by important components of blood involved in clotting and thrombosis
was further demonstrated by the results of a platelet adhesion assay, which showed an ~80%
reduction in the amount of platelets adherent to the SLIPS-coated tubing relative to uncoated
tubing over a period of 1.5 hours (Figure 5B; see Methods for additional details of these

experiments). Incubation of SLIPS-coated tubing segments with human red blood cells revealed
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them to exhibit outstanding general hemocompatibility, as indicated by a negligible percentage
of hemolysis (~0.4% hemolysis; this level was similar to that of uncoated tubing segments
(~0.3%) after incubation with red blood cells at 37 °C for 3 hours).

We also performed experiments using synthetic urine to characterize the stability of these
SLIPS-coated tubes in high osmolarity chemical environments representative of those
encountered during the deployment of urinary catheters. SLIPS-coated tubing segments 30 cm
long were filled with synthetic urine, capped and coiled, and then incubated at 37 °C for
approximately one month. At predetermined time points, the contents of the tubing were drained
and the sliding times of water droplets through the tubing segments were measured. The results
of this experiment are shown in Figure 5C and reveal SLIPS-coated tubing to remain slippery
after at least a month of exposure to synthetic urine (overall, sliding times increased
monotonically over a range from ~8 s to ~44 s over this period, a relatively small change
considering that water droplets did not slide at all, without the application of external forces,
through uncoated tubing segments). SLIPS-coated tubing segments treated and stored in
synthetic urine for one month remained strongly anti-biofouling when incubated in the presence
of S. aureus (92 + 4% reduction in biofilm relative to bare, uncoated segments incubated under
identical conditions).

In addition to characterization with these important biological fluids, we also performed
tests to evaluate the ability of these SLIPS-coated tubes to withstand physical forces and
chemical environments experienced in contact with representative food-grade materials. For
these experiments, we pushed and pulled tomato ketchup 10 times through a 30 cm long SLIPS-
coated PE tubing segment at a shear rate of ~60 s (see Methods). Uncoated PE tubing segments

were fouled by ketchup in a single pass (Figure 5D, bottom). In contrast, the inner surfaces of
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SLIPS-coated tubing segments remained free of residual ketchup even after 10 cycles (Figure
5D, top), and the sliding times of water droplets through these tubing segments increased
marginally (from ~9 s to ~45 s over 10 cycles), revealing the robust anti-fouling performance of

these materials in the broader context of a potential food processing application.

Characterization of anti-fouling performance upon repeated and longer-term bacterial challenge

We next performed experiments to characterize the anti-biofouling behaviors of SLIPS-
coated tubing in more challenging scenarios. To supplement the results of static incubation
studies with S. aureus described above, we devised a ‘serial challenge’ experiment, in which
SLIPS-coated tubing segments (6 cm long; cut from longer coated segments) were incubated at
37 °C in line with a peristaltic pump, and then periodically challenged by alternately pumping S.
aureus inocula or PBS through the tubes for 24 h (at a rate of 1 mL/min, corresponding to a shear
rate of 5 s'; these conditions were selected to characterize biofilm formation under low shear
and continuous flow conditions representative of those encountered in indwelling urinary
catheters).”*>* After 24 hours in contact with S. aureus inocula the tubing segments were pumped
continuously with PBS for two to three days and then rechallenged with fresh S. aureus inocula
for another 24 h (see Methods for additional details of these experiments, and Figure 6A for a
visual map showing the timing of these alternating bacterial challenge and wash periods). This
cycle was repeated 4 times at 0, 3, 6, and 10 days (Figure 6A). This ‘serial challenge’ approach
was adopted to circumvent limitations associated with the depletion of nutrients (and resulting

cell death) that would occur during more prolonged, multiple-day incubation with S. aureus.
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Figure 6. (A) Schematic showing the timing of multi-day bacterial and buffer challenges
during flow-based characterization of SLIPS-coated tubes (see text). (B) Plot showing the
quantified metabolic activity of S. aureus cells associated with the luminal surface of
uncoated and SLIPS-coated tubing segments after each of four consecutive 24 h challenges in
S. aureus inoculum. The values are normalized with respect to the metabolic activity of cells
attached to uncoated tubing segments. Metabolic activity measured using BacTiter-Glo; see
Methods for full details.

As shown in Figure 6B (gray bars), SLIPS-coated tubing segments remained slippery and
retained the ability to substantially prevent S. aureus biofilm formation for up to three 24-hour
bacterial challenges and seven days of constant flow (black bars indicate levels of biofilm
measured on the inner surfaces of bare, uncoated control tubes). After the fourth S. aureus
challenge, the anti-biofouling performance of SLIPS-coated tubing segments eroded
significantly, with an extent of biofouling on the SLIPS-coated tubing segments that was ~50%

that of uncoated tubing segments. In addition, these tubing segments were not ‘slippery’ after the

27



fourth bacterial challenge, as water droplets stuck to the tubing segments and did not slide
without the aid of additional applied forces.

We note that, in a broader context, the multiple challenge experiment described above
and summarized in Figure 6 simulates a significantly more demanding biofouling challenge than
is likely to be experienced in many practical applications of flexible tubing (e.g., in many
healthcare scenarios), as these experiments were performed for extended periods using high-CFU
innocula and optimized bacterial growth conditions. Experiments in other simulated
environments closer to those that are likely to be found in individual application scenarios would
be needed to understand the anti-biofouling performance of these materials, as well as their full
range of potential benefits and limitations, in specific applied contexts. In the current context,
however, the results of these experiments are significant because they demonstrate that these
SLIPS-coated tubes can withstand multiple strong biofouling challenges by this common
pathogen for a period of at least one week under a constant flow. We note that the slippery
behaviors of these SLIPS-coated tubes could ultimately be manipulated or improved further in
the context of specific applications by tuning several design elements, including the thickness of
the coatings, the viscosity of the lubricating liquid, or the amount and type of chemical
functionalization. In the context of preventing bacterial contamination, we demonstrate below
that the anti-biofouling performance of SLIPS-coated tubing can be further improved by

incorporating and sustaining the release of a bioactive agent.

Fabrication and evaluation of antimicrobial-loaded SLIPS-coated tubing

We performed a final series of studies to design SLIPS-coated tubing loaded with

triclosan, a broad-spectrum small-molecule antimicrobial agent, and further characterize the anti-
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biofouling properties of these materials. We reported previously that planar surfaces coated with
PEI/PVDMA-based SLIPS can slowly release triclosan into aqueous environments, and that this
general approach can, through its ability to kill planktonic cells in surrounding solution, be used
to improve the anti-biofouling behaviors of SLIPS when applied to short tubing segments coated
using immersion-based approaches.*® We adapted this approach to load different amounts of
triclosan into 60 cm long multilayer-coated PE tubing segments (final loadings were ~300, 500,
and 1100 pg/cm™; see Figure S6A) using acetone solutions of triclosan at three different
concentrations. Additional characterization of the impact of triclosan loading levels on the
advancing water contact angle and contact angle hysteresis of the ‘dry’ multilayer coatings in the
tubing segments (i.e., prior to oil infusion) is shown in Figure S6B.

All of the triclosan-loaded tubes were slippery upon initial infusion with oil (water
droplets slid through these triclosan-loaded, oil-infused tubes tilted at 90° in ~5 seconds).
However, the results of additional experiments involving exposure of these triclosan-loaded
tubes to a constant flow of PBS (at 1 mL/min) for extended periods (10 days) revealed that the
presence of triclosan can, when loaded at sufficiently high concentrations, lead to changes in
multilayer surface properties needed for the stable infusion of silicone oil (Figure S6B,C). While
tubes loaded at lower concentrations of triclosan remained slippery and anti-fouling after 10 days
of exposure to PBS (Figure S6C,D), droplets in tubes with the highest loading of triclosan
became pinned and could no longer slide through unaided (Figure 7A). We note that the loss of
slippery character in these tubes was due to the gradual loss of oil, a common failure mode for

liquid-infused materials,ls’18

and not due to physical disruption of the coating itself (in these
cases, slippery properties could be recovered simply by re-infusion with additional silicone oil).

However, these ‘sticky’ oil-infused tubes were still able to strongly resist the formation of S.
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Figure 7. (A) Plot showing droplet sliding times versus the number of days of exposure to flow
in SLIPS-coated tubing segments loaded using a 1100 pg/cm™ solution of triclosan (the highest
concentration used here; see Supporting Information for additional results and associated results
obtained in tubing loaded using lower concentrations of triclosan). After 10 days, tubing
segments were subjected to a 24 h static S. aureus challenge. Panel (B) shows a plot of
normalized metabolic activity of S. aureus in these tubing segments incubated with bacteria.
Metabolic activity measured using BacTiter-Glo; see Methods for full details.

aureus biofilms. As shown in Figure 7B, these triclosan-loaded segments affected ~94%
reductions in biofouling relative to uncoated controls, a level that is statistically indistinguishable
from other freshly prepared SLIPS-coated control tubes (no-triclosan; as discussed above). We
were unable to quantitatively characterize triclosan release profiles in the narrow-bore tubing
under the conditions used in these flow-based experiments, and it is likely that loading and
release could be further optimized beyond the proof-of-concept conditions used here. The
continued robust anti-fouling behavior observed here is, however, consistent with the continued
release of biologically relevant levels of triclosan after loss of slippery character and suggests
that the infusion of this antimicrobial agent can be used to offset the effects of gradual oil loss or
other related outcomes that reduce the inherent slippery nature of these materials. We conclude

that the loading of bioactive agents in these SLIPS-coated tubes can provide a useful strategy to
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improve or prolong anti-biofouling performance under conditions, such as prolonged exposure to
flow, for which inherent slippery character may be difficult to maintain. These results are
broadly consistent with those our initial report on controlled-release SLIPS in static
environments®® and, in combination with other recently-reported strategies (including

k,*””7 incorporation of silver nanoparticles,” and

impregnation of nitric oxide within the bul
covalent immobilization of vancomycin on the underlying porous matrix™), provide useful tools

to improve or prolong the anti-biofouling performance of SLIPS.

Summary and Conclusions

We have developed a layer-by-layer suction-and-flow approach for fabricating uniform
and conformal, SLIPS-based anti-fouling coatings on the luminal surfaces of narrow-bore tubing.
The mechanically compliant nature of the nanoporous polymer coating used to host the
lubricating oil phase allows these coated tubes to be bent, flexed, and coiled repeatedly, while
maintaining the inherent slippery and anti-fouling behaviors. These SLIPS-coated tubes remain
clear of surface fouling after the prolonged flow and/or storage of a broad range of complex
fluids and viscoelastic gels, including many substances that are relevant in the contexts of
medical devices (e.g., catheters, arteriovenous shunts, etc.), food processing, and other
commercial and industrial applications. Our results show that these SLIPS-coated tubes can
prevent the formation of bacterial biofilms after prolonged and repeated exposure to cultures of
S. aureus, a notorious human pathogen, under flow conditions, and that the anti-biofouling
properties of these coated tubes can be further improved or prolonged by adopting additional
strategies that permit the sustained release of a broad-spectrum antimicrobial agent. This

approach provides opportunities to fabricate slippery anti-fouling coatings in the confined
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luminal space of narrow-bore flexible tubing that is difficult to access using many other methods
that are common for the fabrication of SLIPS and LIS, and can be applied to tubing of arbitrary
size and length. The materials, techniques, and insights reported here could thus prove useful for
reducing or preventing bio-fouling, process fouling, or the clogging and occlusion of tubing in a

wide range of consumer, industrial, and healthcare-oriented applications.
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