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Abstract

Surfaces that can both prevent bacterial biofouling and inhibit the expression of virulence 

phenotypes in surrounding planktonic bacteria are of interest in a broad range of contexts. Here, 

we report new slippery-liquid infused porous surfaces (SLIPS) that resist bacterial colonization 

(owing to inherent ‘slippery’ surface character) and also attenuate virulence phenotypes in non-

adherent cells by gradually releasing small-molecule quorum sensing inhibitors (QSIs). QSIs 

active against Pseudomonas aeruginosa can be loaded into SLIPS without loss of their slippery 

and anti-fouling properties, and imbedded agents can be released into surrounding media over 

hours to days depending on the structures of the loaded agent. This controlled-release approach is 

useful for inhibiting virulence factor production and can also inhibit bacterial biofilm formation on 

nearby, non-SLIPS-coated surfaces. Finally, we demonstrate that this approach is compatible with 

the simultaneous release of more than one type of QSI, enabling greater control over virulence and 

suggesting new opportunities to tune the anti-fouling properties of these slippery surfaces.
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Introduction

Surface-associated fouling by bacteria is a common and persistent challenge facing the use 

of biomedical devices, industrial equipment, and many consumer products.1,2 The 

development of strategies that can slow or prevent microbial colonization and biofilm 

formation on surfaces is thus an important element in the design of materials and coatings 

intended for use in wet environments.3,4 The work reported here was motivated broadly by 

the recent development of slippery liquid-infused porous surfaces (or ‘SLIPS’),5–11 which 

have many physical properties and behaviors that render them well suited for the design of 

anti-biofouling surfaces. These ‘slippery’ materials consist of a porous or textured surface 

infused with a viscous liquid (e.g., perfluorinated lubricants,5,11,12 silicone oil,8,13,14 etc.). 

This general design maintains the infused liquid as a thin, dynamic film at the surface, 

creating a hydrophobic or omniphobic interface that allows other fluids and substances to 

easily slide or ‘slip’ off the surface with sliding angles as low as 2°.5,9,15 Several recent 

reports reveal SLIPS to be a promising platform for the development of new anti-biofouling 

interfaces for biological and environmental applications.9,14,16–21 Indeed, SLIPS have been 

reported to resist fouling by a broad range of organisms, including clinically important 

bacterial14,16,17,21 and fungal21 pathogens, marine barnacle cyprids,19 and mammalian 

cells.18,20,21

Slippery character is the conditio sine qua non of a SLIPS-coated surface, yet this essential 

quality only allows SLIPS to prevent fouling by organisms on the surfaces to which these 

coatings are physically applied. Conventional SLIPS-coated surfaces, for example, cannot 

prevent bacteria from colonizing other nearby (non-SLIPS-coated) surfaces. In addition, 

conventional SLIPS are not designed to either kill or retard the growth of bacteria—cells that 

are prevented from adhering to SLIPS-coated surfaces remain alive in the surrounding 

medium. SLIPS also do not currently have inherent mechanisms through which they can 

prevent these non-adherent (or ‘planktonic’) bacteria from producing toxins or engaging in 

other virulent behaviors, including forming biofilms on nearby unprotected surfaces.

To address these issues and develop new slippery anti-fouling surfaces that can also exert 

control over the behaviors of microorganisms in surrounding media, we recently reported a 

novel controlled release-based approach to the design of multifunctional SLIPS that prevent 

biofouling by pathogenic fungal and bacterial cells and kill planktonic microorganisms in 

surrounding media.21 In that work, we leveraged the properties of a porous polymer matrix 

and an infused silicone oil phase to sustain the long-term release of the model small-

molecule microbicidal agent triclosan. That study demonstrated that triclosan could be 

readily incorporated into SLIPS without impacting their anti-fouling properties, and that the 

slow release of triclosan could kill planktonic Candida albicans effectively and improve the 

overall antifouling and antifungal properties.21 Because triclosan is a broad-spectrum 
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antibiotic, it is likely that this approach could also be used to design multi-functional SLIPS 

that also kill planktonic bacteria. We note, however, that the use of triclosan and other 

cytotoxic drugs (e.g., antibiotics) have several disadvantages in applied contexts, perhaps 

most notably the fact that the widespread use of these agents has led to evolved resistance in 

many clinically relevant pathogens.22

The work reported here sought to further develop the potential of SLIPS as reservoirs for the 

controlled release of active agents, with a focus on the design of multifunctional and 

chemical-eluting SLIPS capable of attenuating the colonization and virulence of planktonic 

bacteria through non-biocidal means (e.g., by sustaining the release of active agents that do 

not kill bacteria, but instead attenuate virulent behaviors by targeting non-essential 

pathways). Such ‘anti-virulence’ strategies have attracted considerable interest over the past 

decade as the incidence of bacterial resistance has increased.23–25 One promising target for 

potential anti-virulence approaches is bacterial quorum sensing (QS) circuits.26 QS is a 

small molecule-based communication system used by a range of bacteria to coordinate the 

expression of genes encoding group-beneficial behaviors when a threshold population 

density (i.e., a ‘quorum’) is reached in a given environment.27–29 In many common 

pathogens, such as the Gram-negative bacterium Pseudomonas aeruginosa, QS systems 

control the production of excreted virulence factors and the formation of biofilms, but are 

non-essential for cell growth—targeting these systems thus presents a basis for the 

development of ‘non-biocidal’ approaches to controlling bacterial virulence.26,30–32 Over 

the last 10 years, our laboratory33–38 and others30–32,39,40 have developed suites of potent 

small molecule inhibitors of QS (QSIs) that are active in P. aeruginosa and other pathogens, 

and that represent valuable chemical tools to test such anti-virulence approaches.

As part of a broader effort to explore and exploit the potential therapeutic value of QSIs, 

we41–45 and others46–55 have reported strategies for the encapsulation or integration of QSIs 

and other anti-virulence agents into polymer-based materials or onto inorganic surfaces. 

These past studies have yielded many different approaches to the release of anti-virulence 

agents, but they have relied, in large measure, on materials and tactics that do not inherently 

prevent biofouling on the surface of an object or device (apart from the activities of the 

released inhibitors). Here, we demonstrate that the polymer and oil phases of polymer-based 

SLIPS can be exploited to load and control the release of synthetic small molecules that 

inhibit or modulate QS in P. aeruginosa. We demonstrate that these QSIs can be loaded into 

SLIPS without affecting slippery or anti-fouling properties, and that the agents remain 

biologically active, enabling QSI-loaded SLIPS to both prevent bacterial surface 

colonization and attenuate the production of key excreted virulence factors in planktonic 

cultures of this pathogen. These liquid-infused materials can also be designed to release 

multiple QSIs that target multiple different QS circuits simultaneously. Further, we 

demonstrate that these polymer-based SLIPS, which are inherently resistant to the formation 

of P. aeruginosa biofilms on their own surfaces, can also release non-bactericidal, small 

molecule biofilm inhibitors that confer robust protection against the formation of biofilms on 

other nearby unprotected (non-SLIPS-coated) surfaces. Our results suggest the basis of new 

non-bactericidal approaches to the design and protection of anti-fouling surfaces that could 

circumvent issues of evolved resistance associated with the use of traditional antibiotics. 

More broadly, this work also advances new approaches to the integration of controlled 
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release strategies with SLIPS-based technologies that could improve the properties of these 

versatile and inherently anti-fouling, oil-infused surfaces in a range of other contexts.

Results and Discussion

Fabrication and loading of QSIs into nanoporous, multilayer-based SLIPS

The SLIPS used in this study were constructed by the infusion of silicone oil into 

nanoporous and covalently-crosslinked polymer multilayers fabricated by the reactive layer-

by-layer assembly of poly(vinyl-4,4-dimethylazlactone) (PVDMA) and branched 

poly(ethyleneimine (PEI) on planar glass substrates.13,21,56–58 After film fabrication, these 

reactive multilayers were treated with n-decylamine to functionalize residual azlactones 

remaining in the films with hydrophobic alkyl groups (Figure 1A)13,21,57 and render them 

more chemically compatible with silicone oil.13,21 Infusion of silicone oil into the 

decylamine-functionalized multilayers yielded SLIPS that exhibited water droplet sliding 

angles of ≤ 10°, in agreement with our past studies (Table 1).13,21

We selected two P. aeruginosa QSIs [E22 (an acyl L-homoserine lactone (AHL)-based 

antagonist of the RhlR QS receptor35,36) and V-06-018 (a non-AHL-based antagonist of the 

LasR QS receptor)34,59] and DMABI (a potent biofilm inhibitor that indirectly modulates 

QS in P. aeruginosa60) for this study because they represent some of the most potent and/or 

well-characterized QS modulators known (structures shown in Figure 2). QSI- and DMABI-

loaded SLIPS were prepared by applying small volumes of dilute QSI or DMABI solutions 

in acetone to each side of the multilayer-coated substrates (prior to the infusion of oil, see 

Methods; Figure 1B). The acetone solutions quickly wet the entirety of the nanoporous 

coatings and, upon evaporation, left the loaded compounds adsorbed within the multilayers. 

A small excess of silicone oil was then pipetted onto both sides of the compound-loaded 

coatings and allowed to infuse and spread across the entirety of the surface (Figure 1C). We 

adopted this approach to loading (e.g., as opposed to an alternative approach in which dry 

multilayers were infused directly with silicone oil containing dissolved compound) on the 

basis of our past results using triclosan,21 and because this approach enables more precise 

control over the amount of compound loaded in ways that are not limited by the solubility of 

a given compound in the oil phase. All QSI- or DMABI-loaded SLIPS used in this study 

contained 240 nmol or 300 nmol of compound per substrate, respectively. We confirmed that 

the loading of these small molecules did not impact the slippery properties of the resulting 

oil-infused multilayers by placing 10 µL droplets of water on compound-loaded SLIPS held 

at a tilt angle of 10° and measuring the sliding velocities of the droplets. As revealed by the 

results shown in Table 1, SLIPS loaded with E22, V-06-018, DMABI, or a 1:1 ratio of both 

E22 and V-06-018 (at a loading of 120 nmol each) did not have a substantial impact on 

droplet sliding velocities relative to unloaded SLIPs.

Characterization of the release of QS modulators from SLIPS

We incubated compound-loaded SLIPS in phosphate-buffered saline (PBS) to characterize 

the release of the imbedded QSIs into the surrounding medium under physiologically 

relevant conditions (37 °C; pH = 7.4). For these studies, we used SLIPS loaded with E22 

and DMABI because the relatively strong UV absorbance of these compounds permitted 
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facile monitoring of release by UV/vis spectrophotometry (the release of V-06-018 was not 

evaluated because its UV absorbance was obscured by the presence of silicone oil). As 

shown in Figure 3, compound E22 was released into surrounding buffer relatively quickly, 

with approximately 75% of the total amount loaded released over the first 12 hours of 

incubation. No further compound was released over an additional 190 hours of incubation. 

In contrast to the relatively rapid release exhibited by these AHL-loaded SLIPS, coatings 

loaded with the 2-aminobenzimidazole-based biofilm inhibitor DMABI released their 

contents much more slowly, with approximately 40% of the loaded compound released after 

the first 24 hours, and an additional ~40% released over the next 150 hours; see Figure 3).

It is clear from these results that the structures of the loaded compounds can have a 

significant influence on rates and extents of release from the SLIPS, likely a result of 

differences in the interactions of these compounds with the porous polymer matrix and 

differences in the extent to which the compounds partition into the silicone oil phase. 

Additional studies are underway to understand more broadly the factors that lead to these 

large differences in release profiles, as well as the extent to which changes in film structure 

and the properties of the infused oil phase can be exploited to tune the release profiles of 

these and other agents more broadly. The time scales and the amounts of QSIs and DMABI 

released by the materials reported here (Figure 3) were more than sufficient to demonstrate 

robust proofs of concept in all biological studies described below.

Release of QSIs from SLIPS attenuates P. aeruginosa pyocyanin production

To characterize the biological activities of QSI-loaded SLIPS, we monitored production of 

the redox-active virulence factor pyocyanin by P. aeruginosa.61 Pyocyanin production is 

controlled, in part, by the QS receptors LasR and RhlR in P. aeruginosa,35,38 and can be 

attenuated by both V-06-018 (a LasR antagonist) and E22 (an RhlR antagonist). We grew 

wild-type P. aeruginosa (PAO1) in the presence of SLIPS substrates loaded with either 

V-06-018 or E22 (in amounts designed to yield approximately 100 µM of compound in the 

assay culture upon full release) and quantified pyocyanin production after 17 hours of 

shaking incubation (see Materials and Methods). As shown in Figure 4, SLIPS loaded with 

V-06-018 and E22 inhibited pyocyanin production by approximately 80% and 45%, 

respectively. These values are equivalent to the levels of pyocyanin inhibition observed when 

these compounds are administered exogenously,38 indicating that both of these compounds 

are released from the SLIPS-coated surfaces in intact, biologically-active forms and in 

concentrations sufficient to inhibit QS under these assay conditions. Although not 

investigated specifically as part of this study, we note that the overall strategy used here, in 

which encapsulated payloads are stored within a polymer matrix infused with a hydrophobic 

and water-immiscible oil—and are, thus, largely protected from contact with bulk water until 

they diffuse across the oil/water interface—could prove useful for the prolonged release of 

active agents that hydrolyze or decompose readily upon contact with water. For instance, it 

is well known that AHLs hydrolyze relatively rapidly in aqueous media and that the ring-

opened forms are inactive;37,41,62 as such, we anticipate that SLIPS containing AHLs (such 

as E22) could provide means for extending their effective half-lives in water, and thus extend 

their utility as QSIs.
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We recently demonstrated that cocktails of compounds simultaneously targeting multiple QS 

circuits in P. aeruginosa could result in greater attenuation of virulence factor production (as 

compared to levels attenuated upon the administration of a single compound targeting a 

single QS circuit).38 To explore the potential of our polymer-based SLIPS to promote the 

simultaneous release of two different active agents, and develop SLIPS-coated surfaces that 

attenuate QS more strongly than those described above, we prepared SLIPS loaded with 

both V-06-018 and E22 (in amounts designed to give approximately 50 µM of each 

compound in the assay culture upon full release) and quantified pyocyanin production when 

the compounds were released simultaneously. We observed over 90% inhibition of 

pyocyanin production using this dual-release approach (Figure 4). We note that this dual-

QSI release approach allows for lower loadings of each individual agent and promotes levels 

of inhibition greater than those exhibited when either agent is used alone because it targets 

both RhlR and LasR QS receptors simultaneously. The ease with which these QSIs (and 

other acetone-soluble agents) can be loaded into these nanoporous multilayers, without 

necessitating any changes to the fabrication process, suggests that this basic approach should 

be general. This result is significant, as it indicates that these SLIPS systems should be 

appropriate for use in other applications that would benefit from the simultaneous release of 

single or multiple different active agents.

We note that the SLIPS-coated substrates emerging from these in situ virulence factor 

production experiments remained anti-fouling to bacteria, but exhibited water droplet sliding 

angles higher than those that were measured prior to incubation with bacteria (e.g., droplets 

of water required tilt angles of ~30° or more to slide freely, as compared to sliding angles of 

< 10° for substrates prior to incubation as shown in Table 1), suggesting that some oil may 

have been lost from the SLIPS during those experiments. Additional control experiments 

demonstrated this decrease in droplet sliding angles to result from incubation at the high 

densities of bacteria required for these pyocyanin assays (incubation under static conditions 

at lower densities of bacteria or shaking in the absence of bacteria did not affect droplet 

sliding angles). It has been reported in past studies that exposure to high shear forces 

(induced by flow, etc.) can promote the leaching of the infused liquid phases of SLIPS in 

ways that can impact their slippery properties.63,64 It is also possible in this particular 

context that the presence of amphiphilic molecules produced by the P. aeruginosa cultures 

(i.e., rhamnolipid and other bio-surfactants)65 could help promote the extraction of small 

amounts of oil over the course of these experiments. In support of this proposition, we note 

that sliding angles could be restored to values of 10° or less by adding small amounts of 

silicone oil to the surface of the coatings (e.g., by pipette; past reports also demonstrate that 

the gradual loss of oil can be addressed through the design of porous substrates with 

vascular networks that can continually replenish lost oil).64 Despite this increase in water 

droplet sliding angles, the results of additional experiments described below demonstrate 

that these compound-loaded SLIPS-coated substrates remain anti-fouling to bacteria and can 

prevent the formation of bacterial biofilms.

DMABI-Loaded SLIPS reduce biofilm formation on surrounding uncoated surfaces

As described above, the native silicone oil-infused SLIPS used in this study have been 

demonstrated to resist the formation of P. aeruginosa biofilms under static culture conditions 
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(e.g., in the absence of added agents).21 To demonstrate the potential of our controlled-

release SLIPS to also prevent biofilm formation in surrounding environments—and, thus, 

also confer measures of anti-biofouling protection to nearby surfaces that are not SLIPS-

coated—we also performed studies using SLIPS loaded with the anti-biofilm agent DMABI. 

For these studies, we cultured P. aeruginosa in 12-well microtiter plates containing DMABI-

loaded SLIPS substrates in the well bottoms (such that they were completely submerged in 

media). After 24 hours of incubation, the amount of surface-attached biofilm on both the 

SLIPS substrates and the surrounding (uncoated) areas of the well bottoms were 

characterized by fluorescence microscopy and by staining with crystal violet (CV; see 

Materials and Methods). The SLIPS substrates were highly resistant to biofilm attachment, 

as expected from our past studies.21 We observed no biofilm over the entire central region of 

the coated substrates by fluorescence microscopy, and little to no CV staining on the SLIPS 

surface (Figure 5A–B). However, when we quantified the amount of CV on the SLIPS by 

UV/vis spectrophotometry, we observed more CV staining than expected by visual 

inspection of the substrates (corresponding to an approximately 50% reduction in staining 

relative to the uncoated control; Figure 5D). We determined, using fluorescence microscopy, 

that this residual staining was a result of the presence of biofilm near the uncoated edges of 

the SLIPS-coated substrates (Figure 5F), and not a result of biofilm on the SLIPS surfaces 

themselves. These uncoated edges are a result of the manner in which the SLIPS-coated 

substrates were prepared for these proof-of-concept studies (e.g., by the fracture of larger 

‘parent’ SLIPS-coated surfaces into smaller ‘daughter’ chips; see Materials and Methods for 

details) and are not an inherent limitation of the SLIPS surfaces themselves.

As expected, native (unloaded) SLIPS had no significant influence on the formation of P. 
aeruginosa biofilms in regions of the surrounding (uncoated) well bottoms in these studies 

(Figure 5C,E). DMABI-loaded SLIPS, however, prevented biofilm attachment on the 

SLIPS-coated surface by CV staining (Figure 5B,D) and inhibited biofilm formation on the 

surrounding uncoated well bottoms by approximately 50% (Figure 5C,E)—a result that we 

attribute to the gradual release of imbedded DMABI into surrounding media (consistent with 

results shown in Figure 3). It is likely that the levels of inhibition observed on uncoated well 

bottoms in these experiments (and the observation of persistent biofilm on the uncoated 

edges of the SLIPS-coated substrates, as noted above) could be improved further by 

increasing the loading of DMABI or tuning the rate at which it is released through 

modifications to the structure of the polymer matrix or the properties of the infused oil (the 

extended release profile shown in Figure 3, for example, suggests that DMABI was only 

likely to have been partially released from these silicone oil-infused SLIPS over the course 

of these short-term experiments). The modular nature of this SLIPS-based approach should 

facilitate further optimization of these materials for use in specific applications and 

environments.

Summary and Conclusions

Materials and surface coatings that are resistant to bacterial colonization and that can 

simultaneously inhibit bacterial virulence phenotypes on and around their surfaces would be 

useful in a range of biomedical, environmental, and industrial contexts. Materials that can 

accomplish both of these important tasks without impacting bacterial growth would be 
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particularly valuable, as they would also have the potential to avoid serious problems 

associated with the development of evolved resistance that currently plague traditional 

bactericidal approaches. The work reported here takes a step toward addressing these 

materials and anti-microbial challenges by developing new slippery and anti-fouling oil-

infused surfaces that can be used as a robust platforms for the controlled release or delivery 

of small-molecule QSIs and biofilm inhibitors. Our results demonstrate that this novel 

approach can significantly (i) reduce production of a virulence factor by planktonic bacteria 

in the vicinity of the surface and (ii) reduce the biofilm burden on the surface of the material 

itself and on surrounding non-SLIPS-coated surfaces. Our results also demonstrate that this 

controlled-release SLIPs approach can be used to load and release of combinations or 

‘cocktails’ of these agents that may be more effective than any single antibiotic or QSI 

alone.

The methods used to fabricate these slippery coatings can be used to coat topologically 

complex substrates, including tubing, filters, or implants,13,21 and should thus allow for 

protection against surface fouling and facilitate the local, controlled delivery of anti-

virulence agents directly to sites endemic to bacterial colonization in medical devices and/or 

industrial equipment. The modular nature of these SLIPS also provides opportunities to tune 

the slippery and controlled release properties of these coatings though changes in the 

structure of the polymer matrix, the physicochemical properties of the infused oil phase, and 

the solubilities and structures of the small-molecule agents that are loaded. We anticipate 

that the approaches and new strategies reported here could thus form the basis of a general 

and multi-functional materials platform that should prove useful for combating bacterial 

biofouling and virulence via non-biocidal pathways in a range of important fundamental and 

applied contexts.

Materials and Methods

Materials and General Considerations

All chemicals were purchased from Sigma-Aldrich, unless indicated otherwise, and used 

without further purification. 2-Vinyl-4,4-dimethylazlactone (VDMA) was a gift from Dr. 

Steven M. Heilmann (3M Corporation, Minneapolis, MN). Poly(2-vinyl-4,4-

dimethylazlactone) (PVDMA) was synthesized as described previously.66 Glass microscope 

slides were purchased from Fisher Scientific (Pittsburgh, PA). Dimethyl-2-

aminobenzamidazole (DMABI)60 and compounds E2267 and V-06-01839 were synthesized 

as previously reported. Compressed air used to dry samples was filtered through a 0.2 µm 

membrane syringe filter. UV/vis measurements were made using a Beckman Coulter DU520 

UV/vis spectrophotometer (Fullerton, CA). Fluorescence microscopy images were acquired 

using an Olympus IX70 microscope and analyzed using the Metavue version V7.7.8.0 

software package (Molecular Devices). Absorbance measurements in biological assays were 

made using a Biotek Synergy 2 plate reader running Gen 5 software (version 1.05).

Fabrication of Polymer Multilayers

Prior to film fabrication, glass microscope slides were cut into 0.8 cm wide strips and scored 

in 1 cm long segments. Covalently crosslinked and nanoporous polymer multilayers 
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composed of PVDMA and branched poly(ethyleneimine) (PEI; MW ~25,000), referred to 

from hereon as PEI/PVDMA multilayers, were fabricated on the glass substrates using a 

covalent/reactive layer-by-layer assembly process, as previously described.13,21,58 Briefly, 

the substrates were submerged iteratively in the following solutions for 20 s each: (i) PEI (20 

mM in acetone with respect to the polymer repeat unit); (ii) two acetone rinses; (iii) 

PVDMA (20 mM in acetone with respect to the polymer repeat unit); (iv) two additional 

acetone rinses. This cycle was repeated 35 times. Polymer solution volumes were 

maintained with fresh acetone to compensate for evaporation and maintain polymer 

concentration during the dipping process. After fabrication, films were functionalized and 

rendered hydrophobic by immersion in a 20 mM solution of n-decylamine in THF overnight 

at room temperature. Functionalized films were then rinsed and dried using compressed, 

filtered air. Film-coated substrates were then fragmented along the pre-fabrication scores to 

produce 0.8 cm × 1.0 cm samples.

Small Molecule Loading, Oil Infusion, and Characterization of Release

A 10-µL aliquot of an acetone solution of a small-molecule agent (12.0 mM in compounds 

E22 or V-06-018 for individual release experiments; 6.0 mM of both compound E22 and 

compound V-06-018 for dual release experiments; 15.0 mM for experiments using DMABI) 

was applied to the top side of a film-coated substrate, allowed to dry, and repeated on the 

coating on the opposite side of the substrate. Immediately prior to use, loaded films were 

infused with silicone oil (for melting point and boiling point apparatuses; Sigma-Aldrich) by 

placing a 2.25 µL droplet of oil on each side and allowing the oil to spread over the entire 

surface. Excess oil was removed from the surface using tissue paper. For release 

experiments, small-molecule-loaded and oil-infused films were incubated at 37 °C in 1.0 mL 

of PBS buffer (pH = 7.4). At designated time points, substrates were removed from the 

incubation buffer and placed in fresh buffer before returning to the incubator. The release of 

the loaded agents into the incubation buffer was characterized using a UV/vis 

spectrophotometer.

Bacterial Strains and Growth Conditions

All media and reagents for bacterial culture were purchased from Sigma-Aldrich, unless 

indicated otherwise. Wild-type P. aeruginosa strain PAO168 was generously donated by Prof. 

Barbara Iglewski (University of Rochester). Overnight cultures of bacteria were grown in 

Luria-Bertani (LB) medium at 37 °C with shaking at 200 rpm. Freezer stocks of bacterial 

strains were maintained at −80 °C in 1:1 LB:glycerol. MOPS Glutamate medium was 

prepared as described by Mellbye et al.69 The assay medium was prepared prior to each 

experiment by diluting 10× MOPS buffer (500 mM MOPS, 40 mM tricine, 500 mM NaCl, 

10 mM K2HSO4, 500 µM MgCl2, 100 µM CaCl2, 3 µM (NH4)6Mo7O24, 400 µM H3BO3, 30 

µM Co(OAc)2, 10 µM CuSO4, 80 µM MnSO4, 10 µM ZnSO4, pH 7.0, filter sterilized) into 

sterile 18 MΩ water. To this working solution, a sterile 10× stock solution of L-glutamate 

(250 mM) and sterile 100× stock solutions of K2HPO4 (400 mM), FeSO4 (500 µM), and 

NH4Cl (1.5 M) were added in appropriate amounts.
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Pyocyanin Assay Protocol

The amount of pyocyanin in P. aeruginosa culture supernatants was measured following the 

protocol of O’Loughlin et al. with modifications.39 A 10 mL overnight culture of P. 
aeruginosa PAO1 was grown for 16 h. An inoculating culture was prepared by diluting the 

overnight culture 1:100 into freshly prepared MOPS Glutamate medium, and 2 mL aliquots 

of this subculture were added to each test tube (0.5% DMSO). SLIPS-coated surfaces 

(sterilized by UV irradiation for 20 min in a biological safety cabinet) were placed in each 

tube, and the cultures were grown for 17 h at 37 °C with shaking incubation at 200 rpm. The 

final cell density was measured by reading absorbance at 600 nm (OD600). Relative 

pyocyanin levels were measured by first pelleting 1.5 mL of well-mixed, aerated, culture at 

4,000g for 10 min, transferring 200 µL of the resulting supernatant to a clear, plastic 96-well 

microtiter plate, and reading absorbance at 695 nm. Media background absorbance 

(measured from a “no bacteria” control) was subtracted, the resulting values were 

normalized by dividing by the final OD600, and the data were plotted relative to an unloaded 

positive SLIPS control.

P. aeruginosa Biofilm Growth and Crystal Violet Staining Assay Protocol

Biofilm formation by P. aeruginosa was quantified by crystal violet (CV) staining following 

the protocol of Frei et al. with modifications.60 A 10 mL overnight culture of P. aeruginosa 
PAO1 was grown for 16 h. An inoculating subculture was prepared by centrifugation of the 

overnight culture at 4,000g for 10 min, followed by resuspension of the cell pellet in an 

amount of fresh M9+ medium (see Frei et al.60 for full details of this medium) supplemented 

with 5% (v/v) LB to effect a 1:10 dilution (v/v) of the overnight culture. Glass substrates 

were placed into the wells of a 12-well microtiter plate (Costar 3737) and sterilized by UV 

irradiation for 20 min in a biological safety cabinet. Subculture was added to each well in 2 

mL aliquots, and the plates were incubated under static conditions at 37 °C for 24 h. 

Substrates were removed from the wells using forceps, gently dabbed on a paper towel to 

remove excess liquid, and placed in a new 12-well plate. Spent culture medium was removed 

from the wells by inverting the assay plate over a basin, and the attached biofilm was washed 

once with 1 mL of PBS. The substrates and assay plate were allowed to dry in a 37 °C 

incubator for at least 8 h. The substrates and well bottoms were stained with 1 mL of a CV 

solution (0.1% CV (w/v) in 95:5 water:ethanol) for 10 min. Excess CV stain was removed 

by washing twice with 1 mL of water, and the substrates and plate were dried at 37 °C for at 

least 4 h. CV stain absorbed by the attached biofilm was quantified by re-solubilizing the 

stain in 1 mL (wells) or 0.5 mL (substrates) 30% (v/v) acetic acid, transferring 200 µL of 

this solution to a clear 96-well microtiter plate (Costar 3370), and measuring absorbance at 

590 nm.

Characterization of Biofilms Using Fluorescence Microscopy

Biofilms attached to glass substrates were imaged by fluorescence microscopy using the 

above biofilm growth protocol with the following modifications. After incubation, substrates 

were gently removed from the assay medium using forceps, washed once by dipping into 

PBS, and stained with SYTO 9 (Invitrogen) according to the manufacturer’s protocol. 

Excess staining solution was removed by dabbing on a paper towel, and the substrates were 
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covered by 400 µL of PBS in a 24-well plate. Biofilms were then imaged using an Olympus 

IX71 fluorescence microscope.
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Figure 1. 
Schematic illustration showing the fabrication of the QSI-loaded SLIPS used in this study. 

(A) Reactive and nanoporous polymer multilayers (grey) are functionalized with n-

decylamine to render them hydrophobic. (B) Small molecule QSIs (red) are loaded into the 

multilayers by adding an acetone solution of the agents to dried films and allowing the 

solvent to evaporate. (C) Silicone oil is infused into the multilayers. (D) The loaded SLIPS 

gradually release QSIs into aqueous solution; the SLIPS prevent the colonization of bacteria 

directly on the coated surface while the released QSI modulate the behaviors of nearby 

planktonic bacteria.
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Figure 2. 
Structures of the small molecule anti-virulence agents used in this study.
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Figure 3. 
Plot showing percent release versus time for the release of compounds E22 (triangles) and 

DMABI (squares) from SLIPS-coated surfaces incubated in PBS buffer at 37 °C. Data 

points represent the mean of four replicates. The percentage of each compound released was 

calculated based on the total amount of compound initially loaded.
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Figure 4. 
Plot showing the inhibition of pyocyanin production by QSIs released from SLIPS-coated 

surfaces. P. aeruginosa cultures were grown in the presence of SLIPS loaded with the 

indicated compounds and the final amount of pyocyanin in the culture was quantified after 

17 hours of incubation. Compounds were loaded at levels estimated to give final released 

concentrations of 100 µM (for experiments involving a single loaded compound) or 50 µM 

(for experiments involving two loaded compounds). Error bars represent the standard error 

of three independent replicates (n = 3). *** = p < 0.0005.
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Figure 5. 
SLIPS loaded with DMABI resist fouling on the substrate surface and inhibit biofilm 

formation on surrounding uncoated surfaces. Glass or SLIPS-coated substrates were 

submerged in P. aeruginosa cultures at the bottoms of the wells of 12-well microtiter plates 

and incubated for 24 h. Substrates were then removed and the attached biofilms were stained 

with either SYTO 9 or CV. (A) Representative fluorescence microscopy images of P. 
aeruginosa biofilm near the center of glass (left) or SLIPS-coated (right) substrates. (B) 

Representative image of CV-stained biofilms attached to glass substrates, SLIPS without 

DMABI, or SLIPS loaded with DMABI. (C) Representative image of CV staining of the 

bottoms of the wells of the 12-well microtiter plate (after the removal of the substrates 

shown in panel A). (D) Quantification of biofilm formed on the glass and SLIPS substrates 

shown in panel B. (E) Quantification of biofilm formed on the surrounding well bottoms 

shown in panel C, showing a reduction of biofilm in wells that contained DMABI-loaded 

SLIPS. (F) Representative fluorescence microscopy images of biofilm formed on the 

exposed glass edges of SLIPS substrates without loaded DMABI (left) and with loaded 

DMABI (right). Scale bars in A and F are 400 µm. Error bars in D and E represent the 

standard error of three independent experiments (n = 3). * = p <0.05. NS = no statistical 

difference.
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Table 1

Slide Velocities for Compound-Loaded SLIPS.

Loaded
Compound

Slide Velocity
(mm/s)a

None 7.6 ± 0.3

E22 6.9 ± 0.3

V-06-018 6.6 ± 0.6

E22 + V-06-018 4.3 ± 0.2

DMABI 7.4 ± 0.2

a
Values are the mean and standard error of six independent replicates. Experiments were performed by placing droplets of water (10 µL) on SLIPS-

coated surfaces held at angles of 10° and measuring the times required to slide a fixed distance (see Methods for details).
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