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ABSTRACT: There is a dire need for infection prevention strategies that do not require the use of antibiotics, which exacer-
bate the rise of multi- and pan-drug resistant infectious organisms. An important target in this area is the bacterial attach-
ment and subsequent biofilm formation on medical devices (e.g., catheters). Here we describe non-fouling, lubricant-infused
slippery polymers as proof-of-concept medical materials that are based on oil-infused polydimethylsiloxane (iPDMS). Pla-
nar and tubular geometry silicone substrates can be infused with non-toxic silicone oil to create a stable, extremely slippery
interface that exhibits exceptionally low bacterial adhesion and prevents biofilm formation. Analysis of a flow culture of
Pseudomonas aeruginosa through untreated PDMS and iPDMS tubing shows at least an order of magnitude reduction of bio-
film formation on iPDMS, and almost complete absence of biofilm on iPDMS after a gentle water rinse. The iPDMS materials
can be applied as a coating on other polymers or prepared as simply as taking a silicone tubing and immersing it in a sili-
cone oil, and are compatible with traditional sterilization methods. As a demonstration, we show the preparation of sili-
cone-coated polyurethane catheters and significant reduction of Escherichia coli and Staphylococcus epidermidis biofilm
formation on the catheter surface. This work represents an important first step towards a simple and effective means of
preventing bacterial adhesion on a wide range of materials used for medical devices.

Introduction

Through billions of years of evolution, bacteria have developed an arsenal of survival mechanisms against physical and
chemical attack.!2 One key mechanism facilitating survival is the phenomenon of biofilm formation, whereby planktonic
organisms adhere to surfaces and form strongly attached, shear-resistant, matrix-embedded multicellular communities.3
Biofilms can form on almost any surface in a wide variety of nutrient and flow conditions and, once established, show re-
markable resistance to removal.+-5

Microbial biofilm formation causes significant problems, particularly in clinical settings. The NIH estimates that biofilms
account for over 80% of microbial infections in the body.6 A pathogenic biofilm can resist destruction by both the native
immune system and antibiotics%7-8 and leads to serious host infections.!- 911 In addition, bacterial pathogens are becoming
increasingly insensitive to our therapies, making the added drug resistance of pathogenic biofilms even more dangerous. In
particular, gram-negative Pseudomonas aeruginosa causes 10-15% of nosocomial (hospital-acquired) infections world-
wide,12-13 has high intrinsic drug resistance and exhibits virtually all known mechanisms of adaptive resistance to new ther-
apies.!* Other clinically relevant pathogens that pose similar challenges include Escherichia coli'> and Staphylococcus epi-
dermidis's, and these organisms are also investigated herein. Hence, a ‘physical’, non-cytotoxic approach to preventing bac-
terial adhesion is of great significance, because it can avoid the problems of selection pressures for drug resistance of these
organisms.17-1° Biofilm formation has a causal link with nearly all nosocomial infections, and reducing the bacterial coloniza-
tion on the surface of medical materials in a simple and sustainable way is of immense importance to healthcare systems
across the world. For example, urinary tract infection (UTI) represents 40% of all nosocomial infections,?0-21 11% of which
are caused by P. aeruginosa,?? and inhibiting biofilm growth on catheter materials could substantially improve this situation.

Previous materials research?3 addressing the bacterial fouling problem has focused on anti-microbial coatings and chemi-
cal and structural modifications of solid materials. Antibiotic24+26 and metal-ion based?’-28 approaches have shown some
success in reducing biofilm growth and subsequent infection, however these approaches destroy the bacterial populations
and accelerate the emergence of pan-drug resistant pathogens.2? The roles of hydrophobicity and hydrophilicity in bacterial



adhesion have been extensively studied.39-33 Hydrophobic surfaces generally cause greater initial attachment but easier de-
tachment of settling organisms than hydrophilic surfaces.30-34-35 Surface topography is also important for both promoting3¢
and preventing37-4° the adhesion of biological species, and sub-nanometrically smooth titanium surfaces have been shown to
reduce bacterial attachment.#1-42 These approaches, however, have had so far only limited success and have failed to yield
highly effective, long-term anti-biofouling materials. Anti-bacterial coatings of medical tubing in particular present an ex-
treme challenge, as both inner and outer surfaces often require structuring or functionalization, but access to these surfaces
is hindered and deterred,

The lining in the microstructured gastrointestinal tract is coated with a thick liquid mucus layer, which shields and pro-
tects the underlying tissue from the colonization by bacterial populations.z This provides inspiration for a new class of anti-
biofouling materials with a surface liquid layer, which is immobilized on a rough solid due to capillary forces and chemical
affinity and which creates a low-adhesion interface. Such bio-inspired slippery liquid-infused porous surfaces (SLIPS)*3
have shown promising anti-bacterial performance in a polytetrafluoroethylene (PTFE)-based system,* and more recently
in fluorogels*> and vascularized polymer networks?. It would be beneficial to design slippery surfaces with a stable and
continuously replenishable lubricant layer, particularly for medical tubing and catheter-relevant materials such as polyure-
thane and silicone and other flow-exposed medical materials, on which bacteria are known to attach and form biofilms
within hours.*” We hypothesized that infusing silicone such as polydimethylsiloxane (PDMS) with a non-toxic and compati-
ble solvent could become a highly practical approach to create a lubricated liquid overlayer that resists bacterial attachment
on silicone-based or silicone-coated medical materials.

Unlike the recently reported infused polymers that rely on custom polymers,*8 PDMS is a widely used non-toxic material
in the medical sector. It is biocompatible, flexible, and can be rendered slippery when perfused with a large quantity of a
lubricating liquid.#*-50 Perfusion/swelling with lubricant provides a reservoir of diffusing oil and helps to ensure longevity of
the lubricant layer in the presence of continuous shear forces. We anticipated that initial biofilm formation would be inhib-
ited by an extremely smooth, slippery and mobile liquid surface formed on the silicone. Further, we expected that even if
biofilm were to initially form on the lubricant-infused PDMS (iPDMS) surface, it would be easily washed away in a high-
shear flow due to a reduced adhesion of the biofilm to the liquid interface. Herein we present iPDMS or iPDMS-coated tub-
ing as an effective, antibiotic-free, non-biofouling material that can be further developed for applications in indwelling cath-
eters and other medical devices.

1. Materials and Methods
1.1. Flat silicone sample preparation

Flat silicone samples (Dow Sylgard 184 polydimethylsiloxane, PDMS) were produced for contact and sliding angle charac-
terization. Pre-polymer was mixed with curing agent in a 10:1 ratio, mixed in a dual centrifuge mixer, poured into the bot-
tom of a flat petri dish, and degassed for 1 h in a vacuum chamber. The sample was cured for 4 h at 70°C before being peeled
away from the petri dish. The control samples were used without further treatment. The infused silicone (iPDMS) samples
were prepared by immersing the cured PDMS in 5 cSt silicone oil (Sigma-Aldrich) overnight before analysis.

1.2. Silicone tubing sample preparation

Masterflex brand peroxide-cured silicone tubing having inner diameter of 6.4 mm (Cole Parmer, Masterflex L/S 17) was
submerged in 5 cSt silicone oil overnight (~16 h) to prepare iPDMS tubing samples used in anti-biofouling characterization.
Prior to swelling, three 1 m sections of silicone tubing were sterilized by autoclaving for 15 min at 121°C. Silicone oil was
sterile filtered through a Millipore 0.2 pm filter unit. The tubing samples were aseptically transferred into the sterile silicone
oil bath and left overnight. Control tubing samples were sterilized using the same autoclaving cycle before use.

1.3. Silicone-coated polyurethane catheter sample preparation

Dual lumen polyurethane catheters (OD 0.16 mm) were first rinsed with ethanol and dried. In order to firmly attach sili-
cone and to prevent delamination of iPDMS, a prime coat (Dow Corning, Sylgard 1205 Prime Coat) was applied by wiping
with a tissue moistened with it and cured at room temperature for 2 h. The prime coat is mostly based on allyltrimethox-
ysilane, which forms cross-linked network of polysiloxane layer. After curing the prime coat, PDMS (Dow Sylgard 184) pre-
polymer was applied by spray or dip coating and cured at 70°C for 2 h. The viscosity of the PDMS pre-polymer mixture was
adjusted using a hexamethyldisiloxane-based silicone solvent (Smooth-On, NOVOCS Gloss Silicone Solvent). The silicone-
coated polyurethane catheter was then immersed in 5 cSt silicone oil overnight to prepare iPDMS-coated polyurethane
catheter samples (See Figure S1). To visualize the iPDMS coating layer, Oil Red O (Sigma-Aldrich) dye was pre-mixed with
the PDMS pre-polymer or the silicone solvent. All treated catheter samples were sterilized using the same autoclave cycle
used for silicone tubing samples.

1.4. Contact angle characterization

Contact angles were measured on flat silicone substrates using a goniometer (KSV Instruments, CAM 101). iPDMS sam-
ples were hung vertically and then placed on absorbent paper to remove excess lubricant before characterization. For each
static contact angle measurement, a 15 pL de-ionized water droplet was placed on the substrate surface and the static con-
tact angle was obtained using Young-Laplace curve fitting; this was repeated 10 times on different areas of one PDMS sam-
ple. A precision syringe with a 20G blunt needle was used to expand and contract a water droplet, which was imaged and



analyzed to obtain the advancing and receding contact angles, respectively. Advancing and receding contact angles were
measured 10 times, averaged, and subtracted from each other to obtain a contact angle hysteresis value.

1.5. Sliding angle characterization

A sliding stage with a digital protractor was used to measure the sliding angle of a 20 uL droplet of water on the surface of
each flat silicone substrate. To remove any dust and other contaminants, the samples were gently washed with de-ionized
water and air-dried. For each measurement, the angle was slowly increased until the droplet began to slide along the sur-
face, at which point the sliding angle was noted; this was repeated 10 times on different areas of the PDMS sample.

1.6. Adhesion force measurements

The coefficient of friction for iPDMS was measured according to the ASTM standard D1894-14. A digital force gauge
(Mark-10, Series 4) was mounted on a syringe pump (Harvard Apparatus, PHD ULTRA) to pull a polished 2.5"x 2.5" alumi-
num sled (McMaster-Carr, alloy 6061) of 0.1 kg for a distance of 2.5" across a 6"7/8'x 6"7/8' iPDMS sample at a constant
rate of 150 mm/min. A nylon monofilament (Trilene, 3.6 kg max. load capacity and 0.012" avg. diameter) was used as a tow-
line. PDMS samples were immersed in silicone oil for >16 h and spun with a spin coater (Specialty Coating Systems, Spin-
coat G3P-15) at 1000 RPM for 60 s to ensure consistent lubricant overlayer thickness in all tested iPDMS samples.

1.7 Lubricant removal through evaporation

Accelerated and uniform removal of the lubricant was accomplished by placing fully-infused iPMDS samples in an oven at
70°C. Samples were gently wiped prior to the experiment to remove any excess lubricant from the surface. The masses of
the samples were then taken daily using a Mettler Toledo Xs205 DualRange analytical balance to measure lubricant loss via
evaporation.

1.8. Lubricant replenishment characterization

The surface of the sample was imaged using phase-contrast optical microscopy at low magnification to observe the cover-
age of the surface liquid layer. The surface was wiped dry using an absorbent wipe and imaged every hour for a 24 h period.
The images provided are typical examples of the flat iPDMS samples.

1.9. Flow-based biofilm experiment

GFP-expressing P. aeruginosa PA14 were cultured in Difco Miller LB Broth (Becton, Dickinson and Company) overnight,
shaking at 37°C. The cultures were then diluted 1:100 into 350 mL of LB Broth + 0.2% (w/v) sodium citrate in a 500 mL
Erlenmeyer flask and stirred. The sterile silicone tubing was installed in triplicate: for each tube, the inlet was submerged in
the inoculated media, the middle section was mounted in a peristaltic pump head, and the outlet was located above the me-
dia to ensure biofilms formed only on the inside of tubes at known shear rates. The peristaltic pump (Cole Parmer) has the
capability of pumping three tubes simultaneously at a rate of 0.1 - 100.0 rpm, which respectively produce the ‘low’ (5.5
mL/min) and ‘high’ (150 mL/min) shear rates for the larger swollen tubing (Table 1). After inoculating the stirred media,
the experiment began when the media started flowing from the end of the silicone tubing.

1.10 Static biofilm experiments

S. epidermidis (ATCC 12228) and E. coli (ATCC 25922) were placed at a density of ~107 cells/mL in tryptic soy broth me-
dium containing 1.5% NaCl. Polyurethane catheters capped at both ends and coated with iPDMS were then added to the
dishes and allowed to incubate at 37° C for 48 hours. Upon removal, the catheter pieces were directly stained with crystal
violet (CV) in the same manner as the samples from the flow experiments described below.

1.11. Crystal violet staining

At each time point, the flow was briefly stopped and a 3.8 cm section of tubing was cut from each tube. The sections were
vertically dipped into a scintillation vial containing tap water three times. The tubes were then vertically submerged in
0.1% CV solution and incubated for 15 min. Next, the nonspecific stain was washed from the tubes by consecutively dipping
the short tubing sample three times into each of three scintillation vials filled with fresh tap water. Finally, a flow of dry ni-
trogen gas was gently applied to the inner tube surface to dry the stained biofilm.

For analysis of the stained and dried biofilms, the tubes were held vertically in binder clips, photographed, and filled with
95% ethanol.5! After a 15 min incubation the ethanol was gently mixed using a pipette and diluted 2x into a final volume of
200 pL in one well of a flat-bottom 96 well plate. A plate reader was used to measure absorbance of each well at 580nm, and
further 2x dilutions were made for any values above 3. Values were normalized to inner circumference of the tubing to ac-
count for differences in surface area between infused and untreated tubing.

1.12. Confocal microscopy characterization

Biofilms formed after 48 h in the low shear condition were dried with gently flowing dry nitrogen to remove the media
and free-floating organisms (experiment was done in parallel with the crystal violet assay) and directly imaged with an up-
right confocal microscope (Zeiss, LSM 700) using a water immersion lens. Reported images are representative of the three
tubes used for each experiment.

1.13. Statistics

Throughout the text, significance is stated for comparisons with p<0.01 according to a two-tailed Student’s t-test. Report-

ed values in figures and the text are mean values, and error bars or # values are standard deviation (SD). Important statisti-
cal comparisons can be found in Table S1 and S2. For material characterization, comparisons were made between the un-



treated and iPDMS samples for the static contact angle, contact angle hysteresis, and sliding angle experiments. Compari-
sons were also made between untreated and iPDMS samples in the biofouling experiments at all shear rates and in the
washing experiment.

2. Results and Discussions

In this study we infused commercially available silicone tubing with high-purity silicone oil (kinematic viscosity 5 cSt,).
The infused silicone oil that permeates the polymer matrix forms a smooth lubricant layer over the surface (Figure 1 A-C).
This tubing was used to investigate the attachment of P. aeruginosa in peristaltic flow (Figure 1 D,E).

2.1. Characterization of flat iPDMS

To accurately characterize the hydrophobicity and smoothness of the iPDMS, we measured water static contact angle,
contact angle hysteresis, and sliding angle for infused and untreated flat silicone substrates (Figure 2). The water static
contact angle for the polymer increased by only 3% after oil infusion (see Table S1 for statistical comparisons of character-
ization data). However, contact angle hysteresis (CAH, the difference between the advancing and receding angle of a sliding
water droplet) of the iPDMS samples was significantly lower than that of untreated controls. CAH is a direct indicator of
non-sticky property (or ‘slipperiness’s?) of a solid surface. The significant reduction of CAH indicates that the infused sili-
cone oil forms a smooth, defect-free lubricating layer over the solid substrate, effectively eliminating pinning points of the
dry surface and reducing the adhesion of liquid droplets.

To quantify the increased slipperiness, we measured the sliding angle of a 20 uL. water droplet and the coefficient of fric-
tion on infused and untreated flat silicone substrates (Figure 2). The untreated sample exhibits a high sliding angle (40.1 *
9.0°) and much higher measurement variance, both of which suggest a heterogeneous surface with many defects and pin-
ning points. In contrast, the iPDMS exhibits extremely low sliding angle (2.1 * 0.9) typical of a smooth, defect-free surface.
Furthermore, we measured the coefficient of static and dynamic friction of the iPDMS to be 0.46 + 0.07 and 0.40 + 0.07, re-
spectively, which is much lower than that of standard PDMS (0.98).53 Measurements after water jet cleaning (30 s) and ni-
trogen blow drying the iPDMS surface to remove most of the lubricant overlayer as well as particles on the surface showed
coefficients of static and dynamic friction to be 0.37 + 0.05 and 0.37 * 0.06, respectively. This indicates that even after
forced removal of the apparently visible lubricant overlayer, there still exists a thin and smooth lubricant layer on the top of
the iPDMS surface. This lubricant layer is seen in the confocal microscopy images of the PDMS infused with Oil Red O dye-
loaded oil.

Maintaining the slippery properties of the iPDMS requires the continued presence of the surface liquid layer. Since this
layer can be removed by shear force, it is beneficial to have a large ‘reservoir’ of solvent within the material from which the
surface lubricant layer can be replenished. We have recently demonstrated this diffusion-based self-lubricating phenome-
non to occur in a lubricant-infused fluorogel system.5° The diffusion of oil to the interface upon the removal of the surface
lubricant layer was further confirmed by the microscopy experiments (Figure 3A): the iPDMS surface was swabbed dry
with an absorbent wipe and the steady reappearance of the silicone oil on the surface was observed. This proves the con-
cept of keeping the slippery performance via self-replenishment from within the polymer where a large amount of lubricant
can be stored.

2.2. Characterization of iPDMS tubing

When immersed in a compatible solvent such as silicone oil, PDMS becomes expanded and infused because the polymer
chains extend to maximize polymer-solvent interactions. Further, silicone is particularly amenable to solvent infusion due
to the low rotational energy barrier around the Me;Si-O bond (3.3 kJ/mol compared to 13.8 k]/mol around -CH2- in poly-
ethylene) that allows very easy diffusion throughout the polymer matrix. We defined these physical changes by the mass
swelling ratio, SR, attributable to the uptake of the solvent:

SR=— 1)
M

u

where M; is the mass of the infused polymer (mass of oil + mass of polymer) and M. is the mass of the untreated polymer
before swelling. The silicone tubing and silicone oil pairing used in this study resulted in an infused polymer with increased
mass and volume, reaching an equilibrium, plateaued SR of ~2.17 after immersion for 24 h (Figure 1B). The inner diameter
of the iPDMS tubing was ~50% larger than that of the untreated tubing and the length increased by ~30% after oil infusion
(Figure 1C). Importantly, the lubricant-infused state was relatively stable when exposed to continuous flow, with a SR
maintained above 1.80 even after a 96-h exposure to a “high” shear rate (270.4 s'1) flow (Figure 3B). The surface at this SR
remained noticeably slippery due to the self-replenishment mechanism depicted in Figure 3A.

For iPDMS to be a relevant, long-term slippery material for biomedical applications such as catheters, it must show con-
tinuous resistance to bacterial adhesion and suitable physical properties. Forced removal of lubricant by evaporation from a
fully swollen iPDMS showed that a reduction of the mass of infused oil of 5-10% removes the non-fouling properties of
iPDMS in a static culture (Figure S2) when tested immediately (< 5 min) without allowing self-replenishment to take place;
similar level of lubricant loss can occur after 48h of continuous exposure to the medium shear rate. The minimal biofilm
adhesion in the high shear rate (under which lubricant loss can be even greater than 10% in 48h) indicates that higher
shear forces enable non-biofouling performance despite greater lubricant loss. In physiologically relevant flow conditions



present in long-term catheterization scenarios, urine slowly leaves the bladder and creates a low shear condition at the tub-
ing wall, thus causing substantially lower degradation of non-fouling function due to the loss of the lubricant. It is notewor-
thy that oil-containing PDMS coatings exposed to natural ambient flow in marine environments retained their anti-fouling
capability5 and effectively prevented marine microfouling within at least a year.>> Since biofouling of traditional catheters
unavoidably occurs when used for extended periods of time (e.g., >4 days), iPDMS could provide an unmatched non-fouling
function for an extended period of time in silicone or silicone-coated medical devices.

2.3. Anti-biofouling performance of iPDMS tubing
2.3.1 Crystal Violet Assay

To mimic clinically relevant shear conditions for biofilm formation in and on catheters, we flowed P. aeruginosa-
containing culture (strain PA14) through iPDMS and untreated PDMS tubing and analyzed bacterial attachment at three
different shear rates, ranging from 10.0 to 270.4 s! simply referred to here as “low”, “medium” and “high” (Table 1). It was
necessary to monitor shear rate instead of simply using flow rate because the inner diameters of the tubes were different.
For a larger internal diameter, higher flow rates are required to achieve the same shear forces at the internal wall, as shown

in equation 2:56

_49 @
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I

where y is the shear rate (s1), Q is the volumetric flow rate and r is the inner radius of the tube.

We pumped a stirred culture of P. aeruginosa through the tubing continuously. At 0, 8, 24 and 48 h time points, we cut off
a 1.5 inch section from the end of the tubings and quantified the amount of biofilm present with crystal violet (CV) staining
(Figure 1D,E). In all three shear conditions, at all time points, the iPDMS tubing exhibited substantially reduced biofilm
growth relative to the untreated control tubing (Figure 4A,B), based on a quantitative CV assay (see Table S2 for raw data
and statistical comparisons for the 48 h time point). Note that some biofilm aggregates did form in the low shear condition,
however their morphology was very different (Figure 4B) from the thick, uniform coating seen on the untreated tubing and
the biofilm was easily removed with a simple washing step (Figure 4C). Both of these indicate that the bacterial aggregates
form on top of a stable silicone oil layer. To further investigate how strongly these biofilms adhere to untreated and iPDMS
tubing, we examined the effect of a simple washing step (a 10 s exposure to flowing tap water) on attached biofilms (Figure
4C) grown in the low shear condition. Analysis by CV assay confirmed that the biofilm was removed from the surface of the
iPDMS tubing in less than 5 s while the same wash had a comparatively small effect on the control tubing (see Table S2,
Figure 4C). Extending the wash to 5 min, there was still only a small reduction in biofilm coverage on the surface of the con-
trol tubing, indicating strong adherence and the presence of a more mature, robustly attached biofilm.

2.3.2. Confocal Microscopy Study of the Biofilm Morphology.

To further probe how bacteria interact and reside at the lubricant overlayer interface, green fluorescent protein (GFP)-
expressing P. aeruginosa were grown to form biofilms for 48 h in the low shear condition on the substrates. After the
growth, iPDMS and control tubing samples were air dried and imaged with an upright confocal microscope (note that no
visible biofilm is formed at medium and high shear conditions on iPDMS). The biofilm on the untreated PDMS tubing ap-
pears to be relatively flat, homogeneous, on the order of 10-100 um thick, and inhabited by a dense cellular community
(Figure 5A-D). Observing the cross section of the film does not reveal any bacteria below the outer surface of the tubing. On
the other hand, the bacteria attached to the iPDMS tubing are limited to small loosely attached bacterial aggregates and iso-
lated cells within the lubricant layer of the tubing itself. These bacteria appear to be planktonic as indicated by their low
density and mutual isolation, which shows that the bacteria are unable to sense and adhere to a solid surface.>” It was diffi-
cult to discern the precise location of the bacteria, whether above, within, or below the lubricant overlayer due to the ex-
tremely small thickness of the lubricant layer*3 and the challenge associated with selective fluorescent labeling of the lubri-
cant layer alone. Note that it has been previously shown that the thickness of a surface-stabilized liquid layer on a rough
surface increases from 10 nm to 1 pm as roughness increases,’8 indicating that this property is tunable if necessary. While
this characterization clearly demonstrates the morphological differences between the two samples and the reduction of
biofilm, further investigations such as genetic analysis, slime staining, or other imaging methods to confidently discern the
state and the depth of the embedded bacteria as well as the precise thickness of lubricant overlayer would provide a clear
picture for understanding the detailed mechanism of bacterial interaction and non-fouling effect of iPDMS systems.

Experiments performed with polyurethane catheters coated with the iPDMS surface layer and tested under static condi-
tions with S. epidermidis and E. coli showed anti-fouling results similar to those observed with iPDMS tubing (Figure S3).

2.4. On the mechanism of the anti-bacterial function of iPDMS and iPDMS-coated materials.

The ease with which biofilm is removed from the iPDMS surface suggests a removal mechanism that is very different
from that observed with solid surfaces, due to a combination of smoothness, slipperiness, and the presence of the liquid
layer. It has been shown that the presence of a liquid overlayer decreases the apparent roughness of the material dramati-
cally#3, and this effect likely reduces the mechanical triggers for bacterial biofilm formation. With regards to slipperiness, it
is important to note that low friction surfaces only affect adhesion by reducing the friction pathogens experience when in
contact with the media-lubricating oil interface. This increased speed at the boundary reduces the normal adhesion forces
that allow pathogens to adhere to solid surfaces, thus inhibiting attachment behavior.5? It is possible that the bacteria slide
along the inner wall of the tubing with much lower resistance than experienced in unmodified PDMS. ¢° On the other hand,



bacteria on the iPDMS surface could become encased in silicone oil (which itself might inhibit biofilm production by block-
ing signals between organisms 1) and removed through an emulsion when exposed to sufficiently high shear forces.

This hints at the deeper question regarding the stability of the iPDMS liquid overlayer; some insight here can be provided
by recent investigations into core annular flow (the use of lubricating oil on the inner pipe wall) as a means of reducing fric-
tion in liquid flow systems.62-6¢ While high fluid shear rates lead to turbulent flow and instability of the liquid-oil interface,
this effect was reduced in close proximity to the solid inner wall of the tubing.62 64 This effect can be seen millimeters away
from the tlubing wall, which indicates that the much thinner layer of lubricating oil in iPDMS could be stable, especially at
lower shear rates. Further, our experiments (Figure S2) show that minimal biofilm formation occurs in zero shear rate
(static) conditions, and those films that do form are easily washed away. This indicates that the outer interface between
water and the liquid silicone overlayer is stable in static and low-shear conditions.

Conclusions

Silicone is already used in myriad medical applications, including indwelling catheters, cardiac and pulmonary tubing, due
to its high biocompatibility and desirable clinical performance.65-¢7 By simple immersion in silicone oil, an extremely easy
and reproducible treatment protocol, the silicone-based materials and coatings gain a slippery, long-lasting lubricated sur-
face (iPDMS) that significantly reduces biofouling. We have demonstrated that P. aeruginosa biofilm formation can be re-
duced in various shear conditions, including those representative of indwelling catheters, by at least 10-fold. After a 5s wash
with water, the biofilm volume can be almost completely removed from iPDMS, while a robust biofilm remained on the un-
treated control silicone surfaces (Figure 5E). Further, the iPDMS materials passively resist bacterial accumulation without
the use of bactericidal agents, and could thus be developed as an important component in reducing excessive antibiotic us-
age.

Our results illustrate that shear forces can substantially decrease the initial formation of P. aeruginosa biofilms on the sur-
face of iPDMS while also enabling the subsequent removal of biofilms that are present. Even at low shear conditions close to
a static culture, a significant reduction in biofilm was observed. Since the hydrophobicity remains essentially unchanged
after lubricant infusion, this could conceivably be explained by the fact that the mobile liquid overlayer prevents bacteria
from probing and forming bonds on the solid surface and makes it a non-optimal attachment site for the bacteria. Another
possible factor is the increased softness of the solid surface below the liquid layer.¢® Though the underlying mechanisms
causing reduced biofilm formation on iPDMS tubing require more thorough investigation to be fully understood, this ap-
proach is effective and can be easily implemented. The ability of the infused oil to travel to the surface and replenish the
surface liquid overlayer upon removal in flow provides a significant advantage of iPDMS tubing for long-lasting antimicro-
bial performance.*® Moreover, the ability to form the vascularized PDMS coatings*¢ allows for broad application of this tech-
nique even for longer-term medical devices where the lubricating fluid can be added and be transported through the poly-
mer to the interface.

Another important consideration is possible toxicity of silicone oil to both pathogens and the patient. The Kirby-Bauer
test has shown that silicone oil had low toxicity to a range of common pathogenic bacteria including P. aeruginosa.®® In addi-
tion, studies on the impact of silicone oil to marine life has shown low toxicity to marine organisms and low bioaccumula-
tion.! More relevant to human patients involving safety investigations of silicone breast implants, it has been shown that
injected silicone oil is non-toxic on the cellular and systemic levels.5¢ These previous studies strongly suggest that the sili-
cone oil lubricant overlayer does not act as a biocide against the bacteria used in this study and does not pose a threat to the
health of a potential patient.

These results provide an early indication of the clinical potential of iPDMS as a medical material in general and catheter
and tubing material in particular. The lower bacterial attachment, unmatched long-term anti-bacterial performance and
effective disinfection by a simple washing step are all desirable features of an in-dwelling catheter material. The presence of
the lubricant overlayer on the catheter surfaces has the additional potential benefit of improving patient comfort during
catheter insertion and removal--another substantial drawback of traditional catheters.”®-72 More broadly, iPDMS surface
coatings would be beneficial on any material that requires fast, simple and effective elimination of bacterial contamination.
Although our proof-of-concept data suggest that long-term non-fouling performance is achievable, more rigorous character-
ization with additional strains of bacterial species in various other types of media and in more representative physiological
conditions would be required before this material can be fully validated as a medical material. Furthermore, it will also be
important to determine the functional lifetime of iPDMS when exposed to various shear forces to confirm the material's
clinical viability. We hope this initial work will motivate further investigation into the anti-fouling and infection-reducing
potential of iPDMS, and that the clinical potential of this material can be realized in the future.
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Figure 1. Analysis of dry and oil-infused PDMS tubing as an anti-biofouling surface. a. Silicone tubing, either as an overcoat applied
on other materials (e.g. polyurethane) or as a tubing made of silicone itself, can be infused with lubricant (e.g. silicone oil) by im-
mersion. The swollen and infused material (iPDMS) is an extremely slippery material on which droplets can easily slide, while they
are strongly pinned on the polymer before lubricant infusion. b. The commercial silicone sample used in this study approaches a
maximal swelling ratio of 2.17 + 0.01 in 24 h (n=3, mean + SD, error bars too small to display on figure). c. Photographs show the
larger iPDMS tube (left) beside a smaller untreated tube (right). Before infusion and swelling, both tubes were equal size; swelling
increases the unconstrained dimensions of a silicone sample by a factor of 1.4. d. Schematic showing experimental setup for the
investigation of biofilm formation in flow. e. Schematic illustrating the customized steps used in the crystal violet (CV) staining
procedure. The stained biofilm was subsequently solubilized and analyzed with standard methods as described.
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Figure 2. Contact angle (CA) characterization of dry and iPDMS substrates. Water static contact angle (CA), CA hysteresis (CAH),
and sliding angle (SA) for infused and untreated flat silicone substrates (n=10, values are mean * SD). Please refer to Table S2 for
raw data and statistical tests. The surface of the iPDMS exhibits significantly lower water contact angle hysteresis and sliding angle
with a smaller standard deviation than the untreated silicone surface.
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Figure 3. Self-replenishment of lubricant overlayer and the longevity of iPDMS tubing under flow. a. Optical images of the restora-
tion of the liquid overlayer of iPDMS. Phase contrast images were obtained of a typical iPDMS surface 0, 1, 6, and 24h (1-4, respec-
tively) after removal of the surface silicone oil with an adsorbent tissue. Scale bars are 100 pm. b. Deswelling experiment by forced
removal of lubricant by shear forces from flowing liquid. iPDMS tubes were exposed to flowing tap water at the medium shear rate
(y=47.8s1). The samples linearly de-swell (y=2.100 - 0.002x, R2 = 0.997) over four days. After 48 h the tubes de-swell to a swelling
ratio of 1.8 + 0.1 (mean * SD), but the surface remained slippery.
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Figure 4. Attachment of P. aeruginosa biofilms to infused and untreated silicone tubing. a. Normalized absorbance values of CV-
stained biofilms grown under low, medium and high shear rates for 0, 8, 24, and 48 h. Biofilm volume was determined by measur-
ing the absorbance (A = 580 nm) of retained crystal violet (CV) in each sample. (Mean * SD, raw data and statistical tests are avail-
able in Table S2). b. Photographs of CV stained tubes; purple color reflects the presence of biofilms. Note the reduced amount of
biofilms on iPDMS tubing samples, particularly at the high shear rate. c. Presence of biofilms after a washing step. Biofilms were
grown in the low shear condition for 48 h and ‘washed’ in the high shear condition for 5 s and 5 min and analyzed using the CV
assay. Note that urinary catheters, for example, allow free drainage of the bladder as urine is produced, which is a slow process
that is modeled here with the low shear condition.
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Figure 5. Confocal Images of typical P. aeruginosa biofilms on untreated and infused silicone tubing. (A, B) Bacteria readily form a
~40 pm thick biofilm on untreated silicone tubing. (C, D) Biofilms are not present on the surface of iPDMS tubing in the same con-
ditions. Note that some small, easily removed bacterial aggregates are present on the surface, and that isolated bacteria entered
the walls of the infused tubing. (E) Photograph of CV-stained biofilms formed on variably infused silicone tubing in the same condi-
tions as A-D; the lower half is infused and the top half is untreated. Only a very small amount of biofilms form on the infused sec-
tion of the tube, and biofilms are clearly present on the untreated section.

Table 1. Studied Shear Rates for Biofilm Growth.

Shear Shear Flow Rate Flow Rate
Condition Rate (mL/min) (mL/min)
™M iPDMS Untreated
Tubing Tubing
Low 10 1.75 5.55
Medium 47.8 8.39 26.5
High 270.4 47.5 150.03
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