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Abstract

We report that N-acyl-L-homoserine lactones (AHLs), a class of nonionic amphiphiles that 

common bacteria use as signals to coordinate group behaviors, can promote large-scale 

remodeling in model lipid membranes. Characterization of supported lipid bilayers (SLBs) 

of the phospholipid DOPC by fluorescence microscopy and quartz crystal microbalance with 

dissipation (QCM-D) reveals the well-studied AHL signal 3-oxo-C12-AHL and its anionic head 

group hydrolysis product (3-oxo-C12-HS) to promote the formation of long microtubules that can 

retract into hemispherical caps on the surface of the bilayer. These transformations are dynamic, 

reversible, and dependent upon head group structure. Additional experiments demonstrate that 

3-oxo-C12-AHL can promote remodeling to form microtubules in lipid vesicles and promote 

molecular transport across bilayers. Molecular dynamics (MD) simulations predict differences in 

thermodynamic barriers to translocation of these amphiphiles across a bilayer that are reflected in 

both the type and extent of reformation and associated dynamics. Our experimental observations 

can thus be interpreted in terms of accumulation and relief of asymmetric stresses in the 

inner and outer leaflets of a bilayer upon intercalation and translocation of these amphiphiles. 

Finally, experiments on Pseudomonas aeruginosa, a pathogen that uses 3-oxo-C12-AHL for cell

to-cell signaling, demonstrate that 3-oxo-C12-AHL and 3-oxo-C12-HS can promote membrane 

remodeling at biologically relevant concentrations and in the absence of other biosurfactants, 

such as rhamnolipid, that are produced at high population densities. Overall, these results have 

implications for the roles that 3-oxo-C12-AHL and its hydrolysis product may play in not only 

mediating intra-species bacterial communication, but also processes such as inter-species signaling 

and bacterial control of host-cell response. Our findings also provide guidance that could prove 

useful for the design of synthetic self-assembled materials that respond to bacteria in ways that are 

useful in the context of sensing, drug delivery, and in other fundamental and applied areas.
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Introduction

Self-assembled lipid membranes are dynamic systems that respond to a variety of 

environmental stimuli, including changes in pH,1,2 ionic strength,3,4 and temperature,1,5 

through molecular reorganization,6,7 phase changes,5,8 and pore formation.9,10 This dynamic 

behavior is central to life processes and has been exploited for the design of synthetic 

materials platforms for drug delivery, environmental sensing, separations, and in many 

other fundamental and applied contexts.1,11–14 Both natural and synthetic lipid membranes 

can undergo structural transformations in the presence of molecules in their environment, 

including amphiphilic species that can adsorb to, intercalate into, or translocate across their 

inner and outer leaflets.15,16 In this study, we report on large-scale remodeling of model 

synthetic lipid membranes promoted by contact with N-acyl-L-homoserine lactones (AHLs), 

a class of nonionic, small-molecule amphiphiles that species of Gram-negative bacteria 

use as intercellular signals to coordinate group behaviors,17–19 including motility,20 the 

production of sessile drug-resilient biofilms,21,22 and the synthesis of virulence factors such 

as the biosurfactant rhamnolipid.23 This signaling process is called quorum sensing (QS) and 

is widespread in common bacterial pathogens.

Of particular interest to the work described here are past reports demonstrating that AHLs, 

which possess a relatively polar L-homoserine lactone “head group” and an aliphatic 

“tail” of four to 20 carbons (Figure 1), can self-assemble in aqueous solution and at 

interfaces.24–26 For example, past work by our group26 and others25 has demonstrated 

that long-chained AHLs (e.g., those possessing eight or more carbons in their tails) can 

self-assemble in solution to form spherical micelles or small (~20 nm) vesicles in a tail

length dependent manner. Daniels et al. have also demonstrated that AHLs can self-assemble 

and undergo phase changes when compressed at air-water interfaces.24 Other groups have 

reported that AHLs are able to intercalate via their tails into the hydrophobic core of a 

lipid membrane,27–29 leading to changes in a variety of membrane properties, including 

membrane depolarization30 and the dissolution of lipid rafts.31 Finally, studies by Lentini 

et al. have also, in the cases of 3-oxo-C8-AHL and the short-chained AHLs C4-AHL and 3

oxo-C6-AHL, demonstrated their translocation across model lipid bilayer systems.32 These 

results are significant because, when combined, they hint at roles that these amphiphilic 

signaling molecules may play beyond their widely studied roles as mediators of bacterial 

cell-cell communication. For example, the ability of these molecules to self-assemble at 

or within lipid membranes may help facilitate the transport of these signaling molecules 

between bacterial cells,29 attenuate their activity profiles, and could potentially underlie 
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mechanisms by which communities of bacteria influence interspecies signaling, host-cell 

behavior, or even engage in interkingdom signaling.33,34 More broadly, the ability of AHLs 

to interact with lipid membranes suggests the potential to design synthetic materials that 

interact dynamically with bacterial communities.32,35

In this study, we demonstrate that 3-oxo-C12-AHL (Figure 1), an AHL with a 12-carbon 

tail produced by the opportunistic pathogen Pseudomonas aeruginosa and related bacteria, 

can interact with model supported lipid membranes (SLBs) in ways that promote large-scale 

remodeling. Characterization by fluorescence microscopy and quartz crystal microbalance 

with dissipation (QCM-D) reveal the formation of extended tubule structures up to hundreds 

of microns in length, as well as hemispherical caps that form on the surface of 1,2-dioleoyl

sn-glycero-3-phosphocholine (DOPC) lipid membranes upon exposure to solutions of 3

oxo-C12-AHL and its anionic head group hydrolysis product 3-oxo-C12-HS.36 The nature 

and extent of remodeling is dependent upon the chemical structures of these amphiphiles 

and is at least partially reversible. These experimental observations can be interpreted in 

view of molecular dynamics (MD) simulations of thermodynamic barriers to translocation 

for 3-oxo-C12-AHL and 3-oxo-C12-HS. These simulations provide a theoretical framework 

for interpreting lipid remodeling in terms of differences in the intercalation and translocation 

of these compounds in the inner and outer leaflets of a lipid membrane. This framework 

also permits comparisons to the results of other past studies on the interaction of natural 

and synthetic amphiphiles with SLBs.37 Finally, experiments using culture supernatants of 

wild-type P. aeruginosa and a related mutant strain demonstrate that 3-oxo-C12-AHL and 

3-oxo-C12-HS can promote membrane remodeling at biologically relevant concentrations 

and in the absence of other biosurfactants (e.g., rhamnolipid) produced at high cell densities. 

These results provide insight into the potential roles that 3-oxo-C12-AHL and 3-oxo-C12

HS may play in bacterial communities, including QS mechanisms and potential mechanisms 

for interactions with non-self bacteria and their host organisms. Additionally, the results of 

these studies with model lipid membranes provide guidance that could advance an important 

long-term goal—understanding the range of interactions that can occur between bacterial 

communities and synthetic self-assembled materials—thereby providing new principles for 

the development of responsive materials for drug delivery and sensing applications.

Materials and Methods

Materials.

Dimethylsulfoxide (DMSO), sodium chloride (NaCl), calcein, sodium hydroxide (NaOH), 

lithium hydroxide (LiOH), magnesium sulphate, acetone, triethylphosphine oxide, Sephadex 

G-50, white, light mineral oil, and deuterium oxide (D2O) were obtained from Sigma 

(St. Louis, MO). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dihexanoyl-sn

glycero-3-phosphocholine (DHPC), L-α-phosphatidylglycerol (Egg PG), filter supports, and 

a Mini-prep extruder were purchased from Avanti Polar Lipids (Alabaster, AL). Lissamine 

rhodamine B 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt 

(Rho-DPPE) was acquired from Invitrogen (Carlsbad, CA). Rhamnolipids, 90% pure 

(commercial mixture of glycolipids isolated from P. aeruginosa) were purchased from 

AGAE Technologies (Corvallis, OR). Lennox formulation Luria-Bertani (LB) medium 
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powder from Research Products International (Mt. Prospect, IL) was used for bacterial 

culture. Electrophoresis-grade sodium dodecyl sulfate (SDS) was purchased from Fisher 

Scientific (Pittsburgh, PA). Triton-X100 was obtained from Promega (Madison, WI). MOPS 

was purchased from MP Biomedical (Irvine, CA). Minisort X plus 0.2 μm syringe filters 

were acquired from Sartorius Stedim Biotech (Goettingen, Germany). Isopropanol (iPrOH) 

was purchased from Fisher Scientific (Waltham, MA). 100 nm polycarbonate extruder filters 

were purchased from Millipore (Billerica, MA). Water was purified using a Milli-Q system 

(Millipore, Bedford, MA), yielding water with a resistivity of 18.2 MΩ. All materials were 

used as received without further purification unless otherwise specified.

Synthesis of 3-oxo-C12-AHL and 3-oxo-C12-HS.

3-oxo-C12-AHL was synthesized using a procedure previously described in the literature 

and matched the reported NMR spectra.38 To synthesize 3-oxo-C12-HS, 3-oxo-C12-AHL 

(73 mg, 0.25 mmol) was added to a glass vial equipped with a stir bar and dissolved in 

acetone (1 mL). Aqueous lithium hydroxide (10 drops of 1M solution) was added to the 

vial, and the reaction was stirred at room temperature. Reaction progress was monitored 

by thin layer chromatography. Upon consumption of starting material, the reaction mixture 

was dried with magnesium sulfate, filtered, and concentrated under reduced pressure to 

yield 3-oxo-C12-HS as a white solid. NMR spectra are provided for 3-oxo-C12-HS in the 

Supporting Information.

Cell Culture and Supernatant Collection.

The P. aeruginosa strains used in this study were: PAO1 (wild-type)39 and PW6886 (ΔrhlA) 

(PAO1 rhlA-E08::ISphoA/hah; tetracycline resistant).40 All strains were cultured in LB 

medium. Freezer stocks of each strain were streaked on an LB agar plate and allowed to 

grow overnight at 37 °C. Single colonies were then placed into 2 mL of fresh LB medium 

and allowed to grow overnight. Aliquots (30 μL) of these overnight cultures were diluted 

into 3 mL of fresh LB medium in 16 × 100 mm culture tubes and grown at 37 °C with 

shaking at 200 rpm. At designated timepoints, the cultures were aliquoted into 1.7 mL 

centrifuge tubes and centrifuged at 16,000 g for 5 minutes to pelletize the cells. The culture 

supernatants were isolated and passed through a sterile 0.22 μm filter. Supernatants were 

immediately frozen and then thawed directly before use.

Preparation of Biosurfactant Solutions.

Stock solutions of rhamnolipid in buffer (1 mg/mL) were made fresh before each 

experiment. A buffer solution of 150 mM NaCl, 10 mM MOPS in Milli-Q H2O (pH 7.4) 

was used unless otherwise noted. All aqueous solutions used in this study contained 1 

vol% DMSO, except for bacterial supernatants and LB medium. The rhamnolipid stock 

solution was sonicated briefly to assist in dissolution. To make rhamnolipid solutions of the 

desired concentration, the stock solution was diluted with additional buffer. Stock solutions 

of 3-oxo-C12-AHL and 3-oxo-C12-HS (20 mM) were made in DMSO and stored at −4 °C 

between uses. Aliquots of the stock solution were thawed immediately prior to experiments. 

To prepare aqueous AHL solutions, the stock solutions were first diluted in DMSO to 

100 times the final aqueous concentration, and then diluted 1:100 into buffer or a solution 

containing rhamnolipid. All AHL solutions were used within 1 hour of their preparation 
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to minimize changes in the ratios of hydrolyzed and unhydrolyzed AHL head groups in 

solution.

Vesicle Fabrication.

All large unilamellar vesicles (LUVs) were prepared using a freeze-thaw and vesicle 

extrusion procedure.41 In brief, desired amounts of DOPC dissolved in chloroform were 

aliquoted into vials, and the chloroform was removed under a stream of N2. For fluorescence 

microscopy experiments, 0.1 wt% of fluorescently labeled lipid (Rho-DPPE) was added 

to the chloroform stock solutions prior to drying under N2. The lipids were further dried 

under vacuum for at least an hour. Either fresh LB medium (for supernatant experiments) 

or a low salt buffer solution (10 mM NaCl and 10 mM MOPS in water; for controlled 

biosurfactant experiments) was added to the dried lipids and vortexed vigorously to form a 

turbid 5 mg/mL DOPC suspension. These vesicle solutions were then subsequently frozen 

and thawed five times by alternatively immersing them into an iPrOH/dry ice bath and 

a warm water bath (~50 °C). The resulting vesicle suspension was passed at least 11 

times through a 100 nm PC filter using an Avanti Polar Lipids Mini-prep extruder. The 

resulting vesicles were characterized by dynamic light scattering (DLS) (Malvern Zetasizer, 

Westborough MA) and found to have a hydrodynamic diameter of ~140 nm, which agrees 

with previously reported literature.42

To prepare calcein-loaded vesicles for dye leakage experiments, the dried lipid solution 

was hydrated with a solution of calcein (70 mM) in buffer. The pH of the solution 

was adjusted to 7.4 with 10 M NaOH. After five freeze-thaw cycles and extrusion, the 

vesicles were separated from external, unloaded calcein using a hand-packed Sephadex G-50 

size exclusion chromatography column. The concentration of the resulting purified vesicle 

solution was then quantified using 31P NMR as described in the Supporting Information.43

Giant Unilamellar Vesicle (GUV) Fabrication and Imaging.

GUVs were fabricated using a previously described inverted-emulsion protocol.44 Briefly, 

a 99:1 ratio of DOPC:Egg PG (5 mg total) was mixed in chloroform with 0.1 wt% of 

the fluorescently labeled lipid Rho-DPPE and dried under a stream of N2. The lipid was 

further dried under vacuum for at least an hour to remove residual solvent. This dried lipid 

mixture was then dissolved in mineral oil (1 mL). Buffer (40.5 μL) was added to 450 

μL of the lipid-oil mixture and vortexed for 30 seconds to form a water-in-oil emulsion. 

A 450 μL aliquot of this emulsion was gently placed on top of buffer solution (450 μL) 

in a microcentrifuge tube and centrifuged for 30 minutes at 14,000g. After centrifugation, 

the lower aqueous phase (which contained the fabricated GUVs) was isolated and diluted 

into either an equal volume of buffer or a concentrated solution of 3-oxo-C12-AHL or 

rhamnolipid. This dilution resulted in a suspension of GUVs in either buffer, 100 μM of 

3-oxo-C12-AHL, or 25 μg/mL of rhamnolipid for observation via optical microscopy. Only 

GUVs with a diameter greater than 15 μm were considered for investigation. We sorted 

each of the vesicles observed into two categories, those with external tubulation and those 

without. The proportions of vesicles in each group were calculated for three independent 

samples.
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Optical Microscopy Experiments Using SLBs Formed by Vesicle Fusion Technique.

Fluorescence microscopy experiments were performed on fluorescently labeled SLBs that 

were formed using the vesicle fusion (VF) technique in Ibidi microfluidic chambers (μ-Slide 

VI 0.5 Glass Bottom) unless otherwise noted.45 The microfluidic chambers first were 

cleaned with a 1 M NaOH aqueous solution for ~30 minutes prior to SLB formation, 

and then washed with ample Milli-Q H2O followed by either LB medium (for supernatant 

experiments) or buffer (for biosurfactant experiments). Previously prepared LUV stock 

solutions (5 mg/mL) were diluted with buffer to 0.1 mg/mL and introduced to the cleaned 

microfluidic chambers at a flow rate of 100 μL/min using a NE-300 “Just Infusion” syringe 

pump (Coral Springs, FL). The formation of the bilayer was monitored by microscopy to 

ensure the adsorption and subsequent fusion of LUVs into a SLB as seen in Supporting 

Information Video S1. When fusion was verified, the remaining vesicles in the flow cell 

were washed away by introducing LB medium or buffer to the flow cell at a flow rate of 100 

μL/min. The resulting bilayer was tested for fluidity by performing a qualitative fluorescence 

recovery after photobleaching (FRAP) experiment (Video S2). In initial control experiments, 

these SLBs responded to the presence of the amphiphile glycerol monolaurate (GML) in 

ways similar to those reported in past studies on the remodeling of DOPC membranes 

(Video S3; see previous reports by Cho and coworkers37). Cell-free culture supernatants or 

solutions of test compounds were introduced into flow cells at a flow rate of 100 μL/min, 

and micrographs were acquired using an Olympus IX70 inverted microscope (Center Valley, 

PA) and a Q-imaging EXi Aqua camera (Tucson, AZ) every 5 seconds for ~8 minutes 

(acquiring at least 100 images). Fluorescently-labeled lipids were excited with a Lumen 

Dynamics X-Cite Series 120PC-Q fiber coupled mercury lamp using the RFP channel 

(Monroe, LA). The bilayers were then washed with buffer solution at a flow rate of 100 

μL/min to visualize changes in the bilayer structure as the test compounds were removed 

from solution.

Formation of DOPC SLBs Using the Bicelle Fusion Method.

As a second means of preparing SLBs, we used a previously described bicelle formation 

technique.46 In brief, DOPC and DHPC ([DOPC]/[DHPC]=0.25) were dissolved in 

chloroform, the solution was well mixed, and solvent was removed under a stream of N2 

and then under vacuum for at least one hour. The resulting lipid film was then hydrated by 

buffer to produce a 1 mM bicelle suspension by DOPC concentration. This solution was 

frozen and thawed five times by iteratively immersing the solution into an iPrOH and dry ice 

bath followed by a warm water bath (~50 °C). The bicelle stock solution was then diluted 

1:16 for a final DOPC concentration of 0.063 mM and introduced to an NaOH treated 

Ibidi flow cell at a flow rate of 100 μL/min. The formation of a continuous bilayer was 

monitored by optical microscopy (Video S4). Buffer was then introduced to the bilayer to 

wash away any remaining bicelle above the bilayer. The resulting bilayer was tested for 

fluidity by preforming a qualitative FRAP experiment (Video S5). Test compounds were 

then introduced into the flow cell at a constant concentration at a flow rate of 100 μL/min. 

Time-lapse micrographs were acquired every 5 seconds over ~8 minutes. The bilayers were 

then washed with buffer solution at a flow rate of 100 μL/min to visualize changes in bilayer 

structure as the test compounds were removed from solution.
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Measurement of the Surface Tensions of Biosurfactant Solutions.

Measurements of the surface tensions of 3-oxo-C12-AHL, 3-oxo-C12-HS, and rhamnolipid 

solutions were made by adapting a previously described procedure.47 The surface tensions 

of the biosurfactant solutions was measured using a Nima Type 611 trough. The tensiometer 

was calibrated using an internal calibration program and checked by ensuring the surface 

tension of Milli-Q water was near 72 mN/m. A dry paper Wilhelmy plate was immersed 

in Milli-Q water for 10 minutes at room temperature to hydrate before surface tension 

measurements were made. Biosurfactant solutions were prepared in buffer as described 

above and allowed to sit at room temperature, and then the hydrated Wilhelmy plate was 

dipped into the biosurfactant solution and allowed to sit at the solution interface for 30 

seconds. The surface tension (γ) was determined by measuring the change in force applied 

to the Wilhelmy plate by the solution while in contact with the solution interface and directly 

after removing the plate from solution. This change in force (F) was then used in the 

Wilhelmy equation,47

γ = F
lcos(θ) (1)

where l is the wetted perimeter of the paper Wilhelmy plate (21 mm) and θ is the contact 

angle of water on the Wilhelmy plate, which is assumed to be 0º for a paper plate.

Quartz Crystal Microbalance with Dissipation (QCM-D) Measurements.

QCM-D measurements were preformed using a Q-Sense E4 instrument (Bolin Scientific, 

Stockholm Sweden) with QSensor QSX 303 quartz crystal sensors coated with 50 nm of 

SiO2 and with a fundamental frequency of 5 MHz (Bolin Scientific, Stockholm Sweden). 

Changes in the frequency (Δf) and dissipation (ΔD) were monitored at the third, fifth, 

seventh, ninth, and eleventh overtones, and data analysis was preformed using the data from 

the seventh overtone. Each data set consisting of individual test molecules at different 

concentrations was acquired on a single set of sensors to ensure consistency between 

measurements. In all tests, fluid was flowed over the crystals at 100 μL/min using an Ismatic 

IPC High Precision Multichannel Dispenser peristaltic pump (Wertheim, Germany). When 

received, the QCM-D sensors were treated with oxygen plasma for 10 minutes and then 

immediately immersed in a 2% SDS solution and allowed to sit for at least 30 minutes. 

The sensors were rinsed in Milli-Q water and dried under a stream of dry N2. Immediately 

before conducting an experiment, the sensors were again treated with oxygen plasma for 10 

minutes, placed into the measurement apparatus, and allowed to equilibrate their resonance 

under 100 μL/min flow of buffer solution.

For QCM-D measurements, SLBs were formed using the VF method.45 Vesicle stock 

solutions (5 mg/mL) were diluted to 0.1 mg/mL in buffer and introduced to the sensor 

chamber. Adsorption of the vesicles to the surface and subsequent fusion were ensured by 

following the QCM-D traces over time. The formed bilayer was then washed with buffer 

for ~45 minutes. Biosurfactant solutions were added to the flow chamber and allowed 

to interact with the bilayer for 45 minutes. The bilayer was then washed with buffer to 

observe the desorption of biosurfactants from the bilayer over time. Representative QCM-D 

traces are shown for a single sensor in the results reported below, but further data analysis 
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described and included in Figure S4 is from three or four (n=3–4) independent experiments 

run simultaneously on different crystals. During experiments, the measurement chamber was 

held at 25 ± 0.5 °C. Immediately following each experiment, the sensors were placed in a 

2% SDS solution for 30 minutes, washed in Milli-Q water, and then dried under N2 gas 

before storage.

Calcein Leakage Assay.

Calcein leakage assays were performed in 96-well microtiter plates. In each well, a 10 μL 

aliquot of calcein vesicles (at a concentration of 1 mM DOPC by monomer) was combined 

with 90 μL of a biosurfactant solution. The plate was allowed to sit for 5 minutes and 

then the fluorescence intensity of the solution was read with an excitation of 480 nm and 

emission of 525 nm using a Tecan Infinite 200 Pro plate reader. All tests were repeated three 

times (n=3) for each batch of vesicles and were performed with three (n=3) independently 

produced batches of vesicles for a total of nine (n=9) fluorescence measurements. Statistical 

significance against the buffer control was determined using a one-way ANOVA with 

all nine normalized replicates for each condition used that was corrected for multiple 

comparisons using Dunnett’s method. The fluorescence intensity for each reading was 

normalized using a procedure adapted from other publications and summarized in Equation 

2 where: FI is the fluorescence intensity of the test solution, FIBuffer is the fluorescence 

intensity of the calcein vesicles in buffer as the negative control, and FITX-100 was the 

fluorescence intensity of a vesicle solution containing 1% Triton X-100 (which is known to 

lyse vesicles) as a positive control.48

Normalized Flourescense = FI − FIBuffer
FITX − 100 − FIBuffer

(Eq. 2)

Free Energy Calculations.

Molecular dynamics simulations with umbrella sampling49 were performed to obtain 

potentials of mean force (PMFs) for the translocation of 3-oxo-C12-AHL, 3-oxo-C12-HS, 

two rhamnolipids with 10 carbons in the tail with one (rha-C10-C10) or two (rha-rha-C10

C10) rings in the head group, glycerol monolaurate (GML), and lauric acid across a DOPC 

bilayer containing 128 lipid molecules. All systems were modeled using the CHARMM36 

force field with the TIP3P water model.50 Molecular structures and force field parameters 

were generated using the CHARMM-GUI Input Generator.51,52 Verlet lists were generated 

using a 1.2 nm neighbor list cutoff. Van der Waals interactions were modeled with a 

Lennard-Jones potential using a 1.2 nm cutoff that was smoothly shifted to zero between 1.0 

nm and 1.2 nm. Electrostatic interactions were calculated using the smooth Particle Mesh 

Ewald method with a short-range cutoff of 1.2 nm, grid spacing of 0.12 nm, and 4th order 

interpolation. Bonds were constrained using the LINCS algorithm. All systems were energy 

minimized using the steepest descent method. Simulations were performed in the NPT 
ensemble using a leapfrog integrator with a 2-fs timestep. For equilibration, the temperature 

was maintained at 310.15 K using a Berendsen thermostat with a time constant of 1.0 ps 

and the pressure was maintained at 1 bar using a semi-isotropic Berendsen barostat with 

a time constant of 5.0 ps and a compressibility of 4.5×10−5 bar-1. For umbrella sampling, 
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the temperature was maintained at 310.15 K using a velocity-rescale thermostat with a 

time constant of 1.0 ps and the pressure was maintained at 1 bar using a semi-isotropic 

Parrinello-Rahman barostat with a time constant of 5.0 ps and a compressibility of 4.5×10−5 

bar-1. All simulations were performed using Gromacs 2016.53

Umbrella sampling was performed using the z-component of the distance between the 

molecule center of mass and bilayer center of mass (denoted as z) as a collective variable. 

Each umbrella sampling calculation was performed using independent windows separated 

by 0.1 nm from z = 0 nm to z = 4 nm with z = 0 nm corresponding to the bilayer midplane. 

At least 41 windows were used for each molecule; 2 additional windows were added for 

3-oxo-C12-AHL and rha-C10-C10 and 1 additional window was added for GML. In each 

case, the number of windows was selected to obtain convergence and ensure that the PMF 

was symmetric around z = 0. Harmonic restraints with force constants ranging from 200 kJ 

mol−1 nm−2 to 1500 kJ mol−1 nm−2 were applied to restrain sampling to a given value of z. 

Each window was equilibrated for 5 ns in the NPT ensemble and then sampled for 32 ns. 

The last 24 ns of this trajectory were split into two independent 12-ns blocks and used to 

compute two PMFs as a function of z using the Weighted Histogram Analysis Method.54 

Plots demonstrating PMF convergence are shown in the Supporting Information.

Results and Discussion

To launch our investigations, we performed a series of initial studies to gauge the ability 

of and extent to which bacterial cultures (or supernatants obtained from bacterial cultures) 

can alter model lipid membrane systems. P. aeruginosa was chosen as a model organism 

for this study because it is a well-studied opportunistic pathogen, whose lipophilic QS 

signals and related bio-toxins have been linked to negative outcomes in both environmental 

and clinical settings.55–58 We briefly describe the results of these experiments to provide 

a framework for the discussion of more detailed and systematic studies described below. 

For these initial experiments, we contacted supported lipid bilayers (SLBs) formed from 

DOPC with the supernatants of 24-hour cultures of P. aeruginosa. We selected SLBs as a 

model system for these initial studies rather than other lipid membrane systems (such as 

giant unilamellar vesicles, or GUVs), because they are compatible with a wide range of 

surface characterization techniques, including acoustic sensors (QCM-D)59 and fluorescence 

microscopy,37,60 and can be prepared using a variety of methods.45,46,61 DOPC was chosen 

as a model lipid because it is widely used as a simple laboratory model for mammalian 

membranes, it is fluid at room temperature,62 and it has been previously used by other 

groups to characterize the interactions of analytes with lipid membranes, thereby facilitating 

comparisons between the results of those past studies and the new experiments with the 

amphiphiles reported here.37,63–65 To facilitate visualization by optical microscopy, the 

lipid membranes were doped with 0.1 wt% of the fluorescently labeled lipid Rho-DPPE. 

In all of the fluorescence microscopy experiments described here, SLBs were formed on 

NaOH-treated glass in an Ibidi flow cell using the vesicle fusion (VF) technique, unless 

otherwise noted (see Methods for additional detail).45 The adsorption and rupture of lipid 

vesicles into a SLB was monitored by optical microscopy (Video S1) and the fluidity of the 

SLBs was confirmed by a qualitative FRAP experiment (Video S2) before the introduction 

of bacterial supernatants or biosurfactants to the bilayers.
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The introduction of cell-free P. aeruginosa culture supernatants to SLBs composed of DOPC 

resulted in large-scale and visually apparent reformations of the bilayers that are shown in 

the sequence of time lapse fluorescence micrographs included in Figure 2. We observed 

the growth of long, thin, bright red structures on the surfaces of the bilayers within the 

first minute of initiating the flow of supernatant into the flow cell. These structures ranged 

from 1–10 microns to hundreds of microns long (in many cases, longer than the observable 

field of view; Figure 2B). Some of these structures completely retracted into the underlying 

bilayer over the course of several minutes to form large pseudo-circular patches of increased 

fluorescence intensity (Figure 2C). In all of the fluorescence micrographs shown here and in 

the studies described below, the direction of flow was from the bottom to the top of the field 

of view, and thus the long, thin structures observed in Figure 2 were aligned in the direction 

of flow.

The changes in bilayer structure and associated dynamics described above and shown in 

Figure 2 are similar to the restructuring of SLBs reported in past studies when SLBs were 

placed in contact with certain natural and synthetic surfactants.37,60,63–65 In those studies, 

the presence of long, thin structures and pseudo-circular structures were interpreted to 

result from the formation of hollow microtubules and thin, water-filled, hemispherical caps. 

Cartoon representations (both top-down and side view) of these structures are shown in 

Figure 3. Those past reports provide a framework for probing and interpreting the membrane 

restructuring observed in our experiments in the presence of bacterial supernatants. While 

there are many components present in bacterial supernatants that could interact with SLBs, 

the similarities in the membrane reformations observed in Figure 2 to those previously 

reported for SLBs in contact with natural and synthetic surfactants suggested the possibility 

that the membrane restructuring observed in our experiments could be promoted by 

amphiphilic species present in the supernatant.37,60,63–65

In the experiments above, we used culture supernatant collected after 24 hours of P. 
aeruginosa growth, which has been previously shown to contain at least two amphiphilic 

species: the QS signal 3-oxo-C12-AHL and the QS-regulated biosurfactant rhamnolipid 

(Figure 1).66 Rhamnolipid is a well-characterized bio-surfactant and is known to interact 

with and disrupt mammalian cell membranes.67,68 The interactions of 3-oxo-C12-AHL 

with lipid membranes is less well understood, with several recent reports suggesting that 

it can intercalate into membranes27,28 and lead to a depolarization of vesicle membranes30 

and the disruption of lipid rafts.31 However, to the best of our knowledge, the large-scale 

reformation and remodeling of lipid membranes to form structures such as those shown 

in Figure 2 has not yet been reported. As noted above, the potential ability of these 

amphiphiles, either alone or in combination, to promote large-scale membrane remodeling 

bears on many interesting biological questions (e.g., underlying potential QS mechanisms, 

signal potency, interspecies signaling, and impacts on host cells) and has the potential 

to inform the design of new classes of soft materials that can interact with bacterial 

communities in new ways (e.g., for the development of novel sensors or smart drug delivery 

vehicles, etc.). These questions and the observations in Figure 2 motivated additional studies 

of the interactions of 3-oxo-C12-AHL and rhamnolipid with lipid membranes described in 

the sections below.
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Characterization of Interactions of 3-oxo-C12-AHL and 3-oxo-C12-HS with DOPC 
Membranes Using Fluorescence Microscopy

We began our studies to systematically characterize the interaction of SLBs with 

components of bacterial supernatants by focusing on the signaling molecule 3-oxo-C12

AHL. Here we note that 3-oxo-C12-AHL has a homoserine lactone head group that 

can hydrolyze in aqueous media to form 3-oxo-C12-HS (Figure 1).36 AHL head group 

hydrolysis occurs relatively rapidly (especially in P. aeruginosa cultures that become alkaline 

over time; t1/2= ~10 hr at pH 8)69,70 and yields an anionic compound that also has an 

amphiphilic structure and, as a result, has the potential to interact with membranes. It is, 

thus, important to note that any bacterial supernatant or solution containing 3-oxo-C12-AHL 

at pH ≥ 7 will likely consist of a mixture of these two components. To set the stage for 

understanding the interactions of 3-oxo-C12-AHL and 3-oxo-C12-HS, or combinations of 

these two amphiphiles, with lipid membranes, we measured the surface activity of each 

compound at the air-water interface using a Wilhelmy plate (Figure S1A; see Methods for 

details).47

Those studies revealed that 3-oxo-C12-AHL is more surface active than 3-oxo-C12-HS, 

which exhibited lower surface tensions at all concentrations tested (e.g., 46.7 mN/m as 

compared to 57.3 mN/m at 200 μM, respectively; see Figure S1A for all concentrations 

tested). Additionally, 3-oxo-C12-AHL exhibited a break in a plot of surface tension vs. 

concentration (denoted by an arrow in Figure S1), suggesting that it aggregates at a 

concentration between 100 μM and 125 μM under the conditions used here. The location 

of this break occurs in a range that is generally consistent with the value reported for 

the critical aggregation concentration (CAC) for this AHL in our past study, using a 

combination of light scattering and measurements of surface tension in water (88 ± 20 

μM and 97 ± 11 μM, respectively; see that past study for a more detailed discussion 

on the solution-phase self-assembly of 3-oxo-C12-AHL in aqueous media).26 In contrast, 

3-oxo-C12-HS did not exhibit a break in plots of surface tension vs. concentration in the 

range of concentrations examined in this study; as a result, we conclude that this hydrolyzed 

compound does not aggregate in this range of concentrations. These results, taken together, 

suggest that the chemical hydrolysis of the homoserine lactone head group of 3-oxo-C12

AHL alters its physical behavior in solution and at interfaces, leading to 3-oxo-C12-AHL 

being more surface active than 3-oxo-C12-HS. We will return to these observations again in 

the discussion below.

Additional fluorescence microscopy experiments similar to those described above with 

culture supernatants revealed that 3-oxo-C12-AHL and 3-oxo-C12-HS promote large 

differences in the structural reformations of DOPC SLBs. Figure 4 shows fluorescence 

microscopy images of SLBs after exposure to continuous flows of solutions containing 

different concentrations of 3-oxo-C12-AHL or 3-oxo-C12-HS for periods of 360 sec 

(additional images of bilayer reformation at intermediate timepoints can be found in Figures 

S2A and 2B). Images of SLBs that were subjected to the flow of buffer alone for at least 360 

sec are shown in Figure 4A,B and reveal that flow alone and exposure to buffer do not cause 

observable large-scale reformation.
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Figure 4C,D shows images of SLBs after the introduction of 3-oxo-C12-AHL (Figure 4C) 

or 3-oxo-C12-HS (Figure 4D) at 30 μM, which was the lowest concentration tested. This 

concentration is representative of AHL concentrations measured to be in planktonic cultures 

of P. aeruginosa after 24 hours of growth.66 Within one minute of introduction of 30 μM 

3-oxo-C12-AHL to the flow cell, we observed the formation of tubules ~5–40 μm long 

on the surface of the bilayer. These tubules were often observed to retract and collapse 

into hemispherical caps within 5–180 sec of forming. This behavior contrasted to that of 

SLBs treated with 30 μM 3-oxo-C12-HS solutions, which we observed to form extended 

tubules (~50 μm in length) that persisted on the surface of the bilayer and did not appear 

to retract or collapse on the timescale of the experiment. The results shown in Figure 4C,D 

fall within the range of observations made using bacterial supernatants (in Figure 2), as well 

as those in past studies using synthetic surfactants,37,60,64 and suggest that AHLs (and their 

hydrolyzed derivatives) alone can promote large-scale reformation at biologically relevant 

concentrations.

To explore this phenomenon further, we conducted additional experiments at concentrations 

of 3-oxo-C12-HS and 3-oxo-C12-AHL of up to 200 μM, a concentration that is above what 

is observed in planktonic bacterial cultures, but that is relevant in the context of elevated 

concentrations of AHL reported to be present in bacterial biofilms.71 This is also, in our 

hands, the highest concentration at which 3-oxo-C12-AHL is soluble in the buffers used 

here. As shown in Figure 4, when 50 μM (Panel F), 100 μM (Panel H), 150 μM (Panel 

J), or 200 μM (Panel L; Video S6) solutions of the hydrolyzed, 3-oxo-C12-HS compound 

were introduced to SLBs, we observed the formation of tubules ranging from 5–100 μm 

in length. These results are consistent with the behaviors observed after the introduction of 

30 μM of 3-oxo-C12-HS to SLBs (Figure 4C), but with an increased number of tubules 

at elevated concentrations. In some cases, we observed a small number of the tubules to 

retract and form hemispherical caps at these higher concentrations (for example, see Figure 

4I). However, the vast majority of tubules did not retract or form hemispherical caps, and 

tubules were the predominant restructuring phenomenon observed when SLBs were exposed 

to solutions containing 3-oxo-C12-HS.

The introduction of 3-oxo-C12-AHL to SLBs resulted in bilayer reformation that was more 

complex than that observed for 3-oxo-C12-HS. At 50 μM (Figure 4E), 3-oxo-C12-AHL 

promoted membrane restructuring similar to that observed at 30 μM (Figure 4C), where 

smaller tubules formed within the first minute of the experiment, many of which quickly 

collapsed into hemispherical caps, and some of which persisted throughout the time of 

the experiment. At higher concentrations of 100 μM (Figure 4G), 150 μM (Figure 4I), 

and 200 μM 3-oxo-C12-AHL (Figure 4K; Video S7), combinations of hemispherical caps 

and extended tubules were also observed. However, in contrast to experiments at lower 

concentrations of 3-oxo-C12-AHL, we observed many more long, extended tubules that 

were several hundred microns in length, reminiscent of what we observed in Figure 2 

and as described above for experiments using bacterial supernatants, as well as tubule 

bundles. We note that the critical aggregation concentration (CAC) of 3-oxo-C12-AHL is 

~100 μM.26 The differences in tubule formation observed at these higher concentrations 

relative to lower concentrations could therefore correlate to the extent of 3-oxo-C12-AHL 

aggregation, a factor that is known to impact the interaction of amphiphilic species with 
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lipid membranes.63,64 In addition to the tubules and hemispherical caps described above, 

at 150 μM (Figure 4I) and 200 μM (Figure 4K; Video S7) we observed the flow of 

fluorescent material across the field of view in the direction of flow, suggesting that 3-oxo

C12-AHL at these high concentrations can undergo processes that result in the removal 

or dissolution of lipid material from the bilayer. We note here that our as-prepared SLBs 

contain punctate spots of red fluorescence (Figure 4A,B) prior to the introduction of any 

compounds. These punctate spots are often observed in SLBs formed by the vesicle fusion 

method and are typically interpreted as surface-bound vesicles that did not rupture during 

bilayer formation.72 We also observed the formation of tubules and hemispherical caps 

in experiments where 200 μM 3-oxo-C12-AHL was introduced SLBs formed using an 

alternative bicelle fusion method that does not involve the use of vesicles (see Methods and 

Video S8),46 suggesting that the changes in morphology observed above do not arise from 

artifacts associated with the presence of unruptured vesicles.

Additional experiments revealed that the formation of these surface features was, in many 

cases, at least partially reversible upon the removal of compound and washing with buffer. 

Figure S3 shows images of a bilayer analogous to the one shown in Figure 4 after rinsing 

with buffer for at least eight minutes. These images show that tubules can retract and 

collapse into hemispherical caps, and that caps can subsequently shrink in size and, in some 

cases, disappear from the surface of the bilayer for all concentrations of 3-oxo-C12-HS 

and 3-oxo-C12-AHL tested. At higher concentrations of 3-oxo-C12-AHL (150 μM and 

200 μM (Figure S3; insets in panels (H,J)), we also observed circular areas of decreased 

fluorescence, suggesting that some local removal of bilayer material could occur under these 

conditions. The observation of these darker patches is consistent with our observations, 

as discussed above, of fluorescent material floating across the field of view when high 

concentrations of 3-oxo-C12-AHL were introduced to the bilayers.

Taken together, these results are consistent with the results of our initial experiments 

performed with bacterial supernatant and show unambiguously that AHLs can cause large

scale membrane reformations. Additionally, our results show that 3-oxo-C12-AHL head 

group hydrolysis can change the physical properties of AHL and lead to differences in 

membrane reformation. The results described thus far provide additional evidence for 

conclusions emerging from a growing body of work suggesting that 3-oxo-C12-AHL 

can interact with lipid bilayers in ways that lead to changes in physical properties and 

structure.27,28,30,31 To our knowledge, the results reported here are the first to demonstrate 

that the QS signal 3-oxo-C12-AHL and its hydrolysis product 3-oxo-C12-HS can interact 

with SLBs in ways that lead to large-scale structural reformation in the bilayer. Additional 

experiments to explore differences in the interactions of 3-oxo-C12-AHL and 3-oxo-C12-HS 

with lipid membranes, and the implications of these differences in behavior, are described in 

the sections below.

Characterization of the Interactions of 3-oxo-C12-AHL and 3-oxo-C12-HS with DOPC 
Membranes Using QCM-D

The results described above demonstrate that large-scale membrane remodeling occurs when 

a QS signal of an important bacterial pathogen, 3-oxo-C12-AHL, interacts with a model 
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lipid membrane. Those results also reveal qualitative differences between the behaviors 

mediated by 3-oxo-C12-AHL and its naturally occurring hydrolysis product 3-oxo-C12-HS. 

To provide additional quantitative insight into these processes, we used quartz crystal 

microbalance with dissipation (QCM-D) to measure differences in the response of DOPC 

SLBs when introduced to solutions of 3-oxo-C12-AHL or 3-oxo-C12-HS (see Methods 

for additional details). After the SLBs were formed on SiO2-functionalized quartz crystals 

using the vesicle fusion method45 and washed with buffer, they were exposed to a flow of 

3-oxo-C12-AHL or 3-oxo-C12-HS solutions (100 μL/min) at various concentrations. Figure 

5 shows the changes in frequency (Δf, blue lines) and dissipation (ΔD, orange lines) in SLBs 

upon exposure to 3-oxo-C12-AHL (solid lines) or 3-oxo-C12-HS (dashed lines) at various 

concentrations and after a subsequent buffer wash (Δf and ΔD values at t=0 min correspond 

to values for a stable SLB assembled on the quartz crystal prior to the experiment). The solid 

arrows in Figure 5 indicate the time at which solutions containing compound were added to 

SLBs, while the dashed arrows indicate the time at which buffer washes were initiated. All 

data shown are representative QCM-D data sets of either three or four replicates. Full data 

analysis of all trials (mean and standard deviation of each concentration for each compound) 

can be found in Figure S4 and provide the Δf and ΔD values referred in the text below.

In general, we observed the introduction of 3-oxo-C12-AHL to (i) lead to more dramatic 

restructuring in DOPC SLBs, as indicated by the larger positive change in ΔD, and (ii) 

adsorb in greater amounts to the bilayer, as suggested by larger negative changes in Δf, 

when compared to 3-oxo-C12-HS at a given concentration (Figure 5 and summarized in 

Figure S4). When 3-oxo-C12-AHL was introduced to the bilayer at 50 μM (Figure 5A), 

75 μM (Figure 5B), and 100 μM (Figure 5C), we observed similar changes in frequency 

(−2.5 ± 0.1 Hz, −2.9 ± 0.3 Hz, and −4.0 ± 0.3 Hz) and dissipation (1.2 ± 0.2 ×10−6, 

1.5 ± 0.2 ×10−6, and 1.1 ± 0.1 ×10−6). At the higher concentrations of 125 μM (Figure 

5D), 150 μM (Figure 5E), and 200 μM (Figure 5F), which are above the CAC measured 

for 3-oxo-C12-AHL, we generally measured larger changes in Δf and ΔD at increasing 

concentrations, recording shifts of (−6.5 ± 0.5 Hz and 2.8 ± 0.4 ×10−6), (−6.3 ± 2.2 Hz 

and 3.1 ± 0.7 ×10−6), and (−8.8 ± 1.5 Hz and 4.0 ± 0.5 ×10−6), respectively. This apparent 

change in the general response in the bilayer below and above the CAC of 3-oxo-C12-AHL 

is similar to that observed qualitatively in our fluorescence microscopy results (Figure 4). 

Additionally, the larger changes in frequency suggest that there is a greater mass of 3-oxo

C12-AHL adsorbing to the bilayer at higher concentrations. Upon washing the bilayers 

with buffer, all SLBs treated with 3-oxo-C12-AHL exhibited positive changes in Δf and 

negative changes in ΔD, suggesting that bilayer reformation is semi-reversible, in agreement 

with behaviors observed by fluorescence microscopy above. Together, these results further 

suggest that 3-oxo-C12-AHL is interacting with lipid bilayers in ways that lead to membrane 

restructuring in a semi-reversible fashion under all conditions examined here.

In contrast to 3-oxo-C12-AHL, the introduction of 3-oxo-C12-HS led to smaller shifts in Δf 

and ΔD in the SLBs. As shown in Figure 5 and summarized in Figure S4 the introduction 

of this hydrolyzed compound at 50 μM (Figure 5A) led to shifts of −0.9 ± 0.3 Hz and 0.3 ± 

0.1 ×10−6 for Δf and ΔD, respectively. These smaller changes in both Δf and ΔD were also 

observed for 3-oxo-C12-HS at the higher concentrations of 100 μM (Figure 5C), 150 μM 

(Figure 5E), and 200 μM (Figure 5F) with shifts of (−1.0 ± 0.6 Hz and 0.6 ± 0.2 ×10−6), 
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(0.0 ± 0.4 Hz and 0.7 ± 0.1 ×10−6), and (−0.4 ± 0.8 Hz and 0.8 ± 0.1 ×10−6) for Δf and 

ΔD, respectively. Similar to 3-oxo-C12-AHL, washing these treated bilayers with buffer 

also led to partial recovery of Δf and ΔD values, suggesting a semi-reversible desorption of 

3-oxo-C12-HS from the membranes.

Taken together, the results above suggest that 3-oxo-C12-HS interacts with SLBs in a 

manner that leads to lower mass adsorption and membrane remodeling that is less extensive 

(or at least very different) than those observed for 3-oxo-C12-AHL at similar concentrations. 

The observation of lower mass adsorption for 3-oxo-C12-HS is consistent with our surface 

tension measurements, which, as discussed above, reveal that the hydrolyzed compound 

has lower surface activity than 3-oxo-C12-AHL at air-water interfaces. These QCM-D 

results are also consistent with the observation and dynamics associated with the formation 

of microtubules and hemispherical caps observed in our fluorescence microscopy studies, 

which again are in line with previous reports documenting the interaction of 3-oxo-C12

AHL with lipid membranes and associated changes in bilayer properties.27,28,30,31 These 

results do not provide mechanistic insight into what may be occurring, at a molecular 

level, to lead to these large changes in morphology. We return in sections below to the 

results of molecular dynamics (MD) simulations that provide additional perspective on 

physicochemical differences between 3-oxo-C12-AHL and 3-oxo-C12-HS that are likely to 

underlie the large changes in behavior observed experimentally here.

Characterization of Interactions of Rhamnolipid with DOPC Membranes

As introduced above, P. aeruginosa and several related species use 3-oxo-C12-AHL for QS 

to regulate many group behaviors, including the production of virulence factors such as 

rhamnolipid,23 a biosurfactant known to interact with and disrupt lipid membranes.67,68 

Depending on the conditions, 3-oxo-C12-AHL and 3-oxo-C12-HS may therefore exist 

either alone (e.g., at low population densities; prior to quorum) or in combination with 

rhamnolipid (e.g., at high population densities; at or above quorum, as was the case in the 

experiments presented in Figure 2).66 In view of the latter condition, we also sought to 

characterize the interaction of rhamnolipid with DOPC SLBs and determine the extent to 

which it may contribute to membrane remodeling, including the formation of tubules or 

hemispherical caps, under conditions similar to those examined above for 3-oxo-C12-AHL 

and 3-oxo-C12-HS. For these experiments, we selected a concentration of 40 μg/mL, which 

is the concentration of rhamnolipid measured to be present in 24-hour (high population 

density, or “quorate”) cultures of P. aeruginosa.66

Figure 6 shows a representative QCM-D trace (Figure 6A) and selected fluorescence 

microscopy images of DOPC SLBs exposed to a constant flow of rhamnolipid solution 

(Figure 6B–D) and a subsequent buffer wash (Figure 6E). Within the first minute of 

introducing rhamnolipid solution to the bilayer, we observed the formation of extended 

tubule structures, a small proportion of which collapsed into hemispherical caps over the 

subsequent six minutes of the experiment (Figure 6B–D). As the rhamnolipid solution was 

flowed across the surface of the bilayer, we observed some fluorescently labeled material 

and detached tubules moving across the field of view in the direction of flow, suggesting that 

rhamnolipid was also removing material from the bilayers, as was observed in analogous 
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studies above for high concentration solutions of 3-oxo-C12-AHL. Characterization by 

QCM-D revealed positive changes in frequency (Δf) upon exposure of the SLB to 

rhamnolipid (3.3 ± 0 Hz) and after a subsequent wash of the bilayer with buffer (2.5 

± 0.2 Hz), with smaller changes in dissipation (ΔD) than those observed for 3-oxo-C12

AHL. The positive changes in frequency, consistent with a removal of mass from the 

bilayer, are consistent with the observation of the loss or removal of fluorescent material 

from the bilayer by fluorescence microscopy. Experiments using higher concentrations of 

rhamnolipid (e.g., 100 μg/mL and 200 μg/mL) led to the formation of tubules, but also to 

more extensive removal of material from the bilayer during exposure and the formation of 

patches that appeared darker by fluorescence microscopy (Figure S5 Panels D–E and I–J). 

This observation is consistent with the well-known surfactant properties of rhamnolipid and 

its ability to disrupt membranes, which is an important part of its biological function as 

a bacterial virulence factor.67,68 However, as a result of this behavior, we were unable to 

draw meaningful quantitative conclusions from the results of our QCM-D experiments at 

these higher concentrations. We can conclude, however, that rhamnolipid is able to interact 

with lipid bilayers in ways that lead to similar morphological changes as those observed 

for AHLs (e.g., both promote reformation into tubules and a small number of caps). It is 

likely that AHL-induced reformations would occur simultaneously with those promoted by 

rhamnolipid, with more substantial disruption resulting from the strong surfactant behavior 

of rhamnolipid. (It is also possible that AHLs and rhamnolipid could act in concert or 

synergistically when both are present, but that possibility was not investigated or considered 

further here).

Bilayer Reformation in Unilamellar Vesicles: GUVs and Calcein Leakage

The SLBs used in the experiments above are a useful model and facilitate the 

characterization of interactions of surfactants with lipid bilayers using QCM-D and 

fluorescence microscopy on planar surfaces. We note, however, that SLBs are confined 

systems that are in close proximity to an underlying solid support. The membranes of 

biological systems and many other types of synthetic materials are, by contrast, free standing 

and can, therefore, exhibit behaviors that differ from those of SLBs. To confirm general 

observations made above using SLBs and provide additional insight into the interactions of 

3-oxo-C12-AHL, 3-oxo-C12-HS, and rhamnolipid with unsupported lipid membranes, we 

also conducted experiments with giant unilamellar vesicles (GUVs) composed of DOPC 

(see Methods for additional details related to fabrication and characterization).44 Figure 

7 shows representative images of a GUV suspended in buffer alone (7A) and in contact 

with 100 μM 3-oxo-C12-AHL (7B) or 25 μg/mL rhamnolipid (7C). We observed that when 

either 3-oxo-C12-AHL or rhamnolipid was introduced to the GUVs, the vesicles formed 

long tubular structures protruding from the outer leaflet of the bilayer (as denoted by the 

arrowheads in panel 7B). It was more difficult to characterize these tubules because of 

the dynamic nature of this vesicle system, but these tubules were, in general, similar to 

those observed in our SLB experiments. Additionally, we note that we did not observe the 

formation of hemispherical caps in these GUV experiments, likely because free-standing 

(unsupported) vesicular systems such as GUVs have different mechanisms, relative to SLBs, 

by which they can relieve asymmetrical bilayer stresses and the formation of hemispherical 

caps should not occur (and would, otherwise, be difficult to characterize) in these systems.73 
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Overall, approximately 80% of the vesicles in contact with 3-oxo-C12-AHL formed tubules, 

as opposed to 100% in the rhamnolipid solution and approximately 5% in the buffer control 

(Figure 7D). These results provide insight into the interaction of these amphiphiles with 

unsupported lipid membranes that are a better approximation of a cell membrane (or a drug 

delivery vehicle, etc.) and suggest that the results observed in our SLB experiments are not 

artifacts arising from the surface supported nature of those bilayers or from defects that 

could be present in those systems.

We performed additional experiments with lipid vesicles to determine if the interactions with 

3-oxo-C12-AHL and 3-oxo-C12-HS, and subsequent restructuring to form microtubules, 

could compromise membrane integrity in ways that could allow for leakage of vesicle 

contents or promote molecular transport across these membranes. To investigate this 

further, we used large unilamellar vesicles (LUVs) made of DOPC and loaded with the 

self-quenching fluorophore calcein, and a previously established calcein leakage assay 

(see Methods).43,67 As a control experiment, we first characterized the interaction of 

rhamnolipid, which is well known to disrupt and dissolve lipid vesicles, with calcein-loaded 

LUVs.67 Upon addition of rhamnolipid-containing solution to LUVs, we observed an 

increase in the fluorescence of the solution at increasing rhamnolipid concentrations (Figure 

8A), which is consistent with vesicle disruption and the release of encapsulated calcein. This 

is consistent with past studies and the well-known biosurfactant properties of rhamnolipid.67

As shown in Figure 8B, both 3-oxo-C12-AHL and 3-oxo-C12-HS also led to low but 

statistically significant levels of calcein leakage from DOPC vesicles at concentrations above 

68 μM. 3-oxo-C12-AHL exhibited an approximately linear increase in the fluorescence 

signal with increasing concentration up to ~180 μM, the highest concentration tested here. 

In contrast, 3-oxo-C12-HS resulted in low levels (approximately 1.5% leakage) of calcein 

fluorescence at all concentrations above ~25 μM, a level that is statistically significant from 

the buffer controls. The difference in the extent of leakage shown in Figure 8 is consistent 

with the differences in bilayer reformation promoted in 3-oxo-C12-AHL and 3-oxo-C12

HS observed by fluorescence microscopy and QCM-D in SLBs. These compounds have 

different head groups, one of which is charged and one of which is neutral, which could 

lead to differences in their propensity to adsorb to, intercalate into or translocate across lipid 

membranes, and thus lead to differential changes in membrane structure or integrity.16 This 

result is, to our knowledge, the first observation of the leakage of contents across a lipid 

membrane promoted by an AHL-type bacterial QS signal and could, with further study, 

provide insight into the previously unexplored biological roles of these compounds (e.g., 

as an independent virulence factor that is potentially capable of compromising host-cell 

membranes), or the ways in which they might interact with or trigger responses in synthetic 

lipid membranes (e.g., in the context of drug delivery or sensing, etc.). In the section below, 

we describe the results of MD simulations that provide additional mechanistic insight into 

factors that govern the behaviors of these molecules at the surfaces of lipid membranes.

Molecular Dynamics Simulations of Amphiphile-Membrane Interactions

The studies above demonstrate that 3-oxo-C12-AHL and 3-oxo-C12-HS behave differently 

when in contact with lipid membranes. These differences are similar to those observed in 
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past studies on the interactions of neutral and anionic surfactants in contact with SLBs.37,60 

For example, Cho and coworkers reported that the non-ionic surfactant glycerol monolaurate 

(GML) led to the formation of tubules that quickly collapsed into hemispherical caps when 

placed in contact with DOPC SLBs, and that the structurally similar anionic surfactant lauric 

acid (LA) led largely to the formation of tubules (that did not retract into hemispherical 

caps; structures of GML and LA shown in Figure S6).37 In that study, the authors proposed 

that observed differences in bilayer reformation could arise from differences in the ability 

of GML and LA to translocate from the outer leaflet of a bilayer to the inner leaflet (e.g. 

by “flip-flop”, or some similar mechanism) after adsorption, thus leading to asymmetric 

stresses that result in the formation of tubules or caps on the surface of the bilayer. To 

explore this proposal in further detail and provide insight into the thermodynamic barriers 

associated with the translocation of 3-oxo-C12-AHL and 3-oxo-C12-HS (and also GML 

and LA) across DOPC membranes, we performed a series of atomistic molecular dynamics 

(MD) simulations.

We first calculated the free energy profile for translocating 3-oxo-C12-AHL along the 

bilayer normal (z-direction) of a planar DOPC membrane using umbrella sampling, as 

shown in Figure 9A, and compared it to the free energy profile of 3-oxo-C12-HS. Snapshots 

from representative distances along the DOPC bilayer normal (z) are shown in Figure 9B. 

From these free energy profiles, we defined two free energy differences, the partition free 

energy (ΔGpar) and the translocation free energy (ΔGtrans), to compare the likelihood of 

each compound to intercalate into and translocate across the bilayer, respectively (Figure 

9C).74 ΔGpar is defined as the difference in free energy between the PMF minimum and 

the reference state in solution (e.g., z ≥ - 4 nm). ΔGtrans is defined as the difference in 

free energy between the PMF maximum at the bilayer center and the PMF minimum.74 In 

these contexts, a more negative value of ΔGpar indicates that it is favorable for a compound 

to partition into the lipid monolayer, and a more positive value of ΔGtrans indicates that 

it is less favorable for a surfactant to translocate across the lipid bilayer. ΔGpar (dashed 

arrows) and ΔGtrans (solid arrows) are visually defined in Figure 9A for 3-oxo-C12-AHL 

and 3-oxo-C12-HS.

As shown in Figure 9A and summarized in Figure 9C, our simulations predict that 3-oxo

C12-HS has a higher ΔGtrans than 3-oxo-C12-AHL (ΔGtrans = 67.59 kJ/mol and 35.57 

kJ/mol, respectively) indicating that it is more difficult for the hydrolyzed 3-oxo-C12-HS 

to translocate across the lipid bilayer than it is for 3-oxo-C12-AHL. Our simulations also 

reveal that 3-oxo-C12-AHL has a more negative ΔGpar than 3-oxo-C12-HS, which indicates 

that 3-oxo-C12-AHL can partition itself into the bilayer more readily than the hydrolyzed 

compound, as expected in view of its non-ionic head group. This result is consistent with our 

surface tension and QCM-D measurements above, from which we found 3-oxo-C12-AHL 

to be more surface active and to a have more mass association with the bilayer than 

3-oxo-C12-HS at a given concentration.

In addition to simulations of 3-oxo-C12-AHL and 3-oxo-C12-HS, we performed MD 

simulations of two representative 10-carbon tail rhamnolipids with one or two rhamnose 

sugars in the head group (Figures 9C and S7; rhamnolipid is relatively heterogeneous in 

nature, with the head group number (one or two) and lipid tail length varying with different 

Gahan et al. Page 18

Langmuir. Author manuscript; available in PMC 2022 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bacterial growth conditions).75 These simulations revealed that having two rhamnose units 

in the head group leads to a much more negative ΔGpar (−31.99 kJ/mol vs. −16.55 kJ/mol) 

and, therefore, is predicted to promote more favorable partitioning into the bilayer than 

rhamnolipid with a single sugar head group. However, the number of head group rhamnose 

units did not impact ΔGtrans significantly (62.68 kJ/mol vs. 56.90 kJ/mol). Finally, to permit 

comparisons and provide further insight into the interactions of LA and GML with DOPC 

SLBs, we calculated their PMFs along the bilayer normal, which revealed that nonionic 

GML has values of ΔGpar and ΔGtrans that are both lower than anionic LA (Figure 9C; 

Figure S7). These results suggest that GML should be more likely to interact with and 

translocate across the membrane, as previously predicted by Cho and coworkers.37

The relative magnitudes of ΔGpar and ΔGtrans calculated for the four single-tailed 

amphiphiles described above reveal the nonionic compounds 3-oxo-C12-AHL and GML 

to be more likely to intercalate into and translocate across DOPC membranes than the 

anionic compounds 3-oxo-C12-HS and LA. These differences in the propensity of a 

given amphiphile to partition itself into the bilayer correlate to the magnitude of response 

measured in the QCM-D experiments with 3-oxo-C12-AHL and 3-oxo-C12-HS in this study 

and with GML and LA in past studies.37 Although it is not possible to explicitly compare the 

experimental QCM-D responses from these two different studies, we note that the relative 

magnitudes of the QCM-D response for these four compounds (GML > 3-oxo-C12-AHL 

> LA > 3-oxo-C12-HS) are generally in line with the predictions of our MD simulations 

(Figure 9C, Figure 5 and past work by Cho and coworkers37). Because ΔGpar describes an 

equilibrium between membrane-bound and solution-phase species, a more negative ΔGpar 

would suggest that a higher proportion of the molecules would associate with a bilayer at 

a given concentration. This higher degree of association would be subsequently reflected as 

a larger Δf, as more mass is associated to the surface of the bilayer, and lead to increased 

membrane restructuring, as measured by ΔD, due to increased lateral stresses in the bilayer, 

as discussed below.

Discussion of Potential Mechanisms for Bilayer Reformation

The combined results of our experimental and MD simulation studies provide support for 

the view that the differences in the restructuring of lipid bilayers observed here and in 

past studies37 are driven by the differences in the ability of 3-oxo-C12-AHL and 3-oxo-C12

HS (or GML and LA) to translocate across the bilayer. The non-ionic amphiphiles 3-oxo

C12-AHL and GML, which predominantly lead to the formation of hemispherical caps in 

fluorescence microscopy experiments, have lower predicted barriers to translocation than the 

anionic compounds 3-oxo-C12-HS and LA, which lead to the formation of predominantly 

extended tubule structures. Overall, these results are consistent with a physical picture 

in which bilayer remodeling is driven by changes or differences in asymmetric stresses 

that develop between the outer and inner leaflets of a bilayer upon intercalation and/or 

translocation of an amphiphile.7,16

When an amphiphile inserts into the outer leaflet of a bilayer, it imparts an asymmetric, 

lateral stress on that leaflet that is not immediately matched by the inner leaflet. If the area 

of a bilayer is fixed, as would be the case in our SLB experiments or in a vesicle of fixed 
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volume, a molecule that has a high barrier to translocation (or “flip-flop”), would continue 

to accumulate in the outer leaflet and continue to increase asymmetrical stress, driving 

the formation of regions of high curvature (such as tubules).7 For amphiphiles with low 

translocation barriers, asymmetrical stress would be expected to be relieved rapidly by flip

flop, leading to the formation of lower curvature structures (such as hemispherical caps) as 

a means of relieving symmetric bilayer stresses.7 For amphiphiles with intermediate barriers 

to translocation, this framework would predict the initial formation of high-curvature tubules 

that would, over time, transition to lower curvature structures such as hemispherical caps as 

translocation across the bilayer occurs and initial asymmetric stresses are relieved.7,16 In line 

with these predictions, amphiphiles with high predicted barriers to translation (3-oxo-C12

HS, rhamnolipid, and LA) generally lead to the formation of tubules that persist over the 

time course of fluorescence microscopy experiments, and amphiphiles with lower barriers 

to translocation (3-oxo-C12-AHL and GML) are observed to initially form tubules that 

transition to become hemispherical caps, suggesting that these two nonionic amphiphiles are 

able to translocate to inner leaflets on the timescales of these experiments.

The results above do not rule out other contributions to the reformation of these bilayers, 

including potential impacts that head group structure could have on spontaneous curvature 

and the formation of surfactant rich domains that could also lead to the formation of tubules 

and hemispherical caps.76 However, the experiments in which we observed reversibility of 

amphiphile-induced reformation upon washing with buffer (see Figure S4 and discussion 

above) provide further support to the proposal that asymmetrical stresses between bilayer 

leaflets lead to the observed differences in bilayer reformation (Figure S3; past work by 

Cho and coworkers37). Here we assume that washing the bilayer with buffer and removing 

amphiphiles from solution can lead to an environment in which desorption of amphiphile 

from the outer leaflet of a bilayer can occur readily. In the case where an amphiphile is 

slow to translocate to the inner leaflet (e.g., 3-oxo-C12-HS, rhamnolipid, and LA), as the 

bilayer is washed and the amphiphile desorbs from the bilayer into solution, it subsequently 

relieves the asymmetrical stress present in the outer leaflet, promoting a transition from 

high curvature structures (e.g., tubules) to low curvature structures (e.g., hemispherical 

caps) and ultimately, in the limit of complete amphiphile desorption, to a flat bilayer. The 

shrinking and disappearance of tubules and caps was observed experimentally when SLBs 

that had been introduced to 3-oxo-C12-HS, rhamnolipid, and LA, were subsequently washed 

with buffer (Figure S3; see also past work by Cho and coworkers37). Alternatively, for 

amphiphiles with low thermodynamic barriers to translocation (e.g., 3-oxo-C12-AHL and 

GML) that can flip-flop readily, amphiphiles in the inner leaflet can translocate back to 

the outer leaflet (e.g., as desorption from the outer leaflet occurs) to equilibrate stresses in 

the bilayer and eventually themselves desorb from the bilayer leading, ultimately, to a flat 

bilayer. In our experiments, we frequently observed the shrinking and, in some cases, the 

disappearance of hemispherical caps in bilayers that had been treated with 3-oxo-C12-AHL 

(and similar behavior was previously reported for GML37) upon washing with buffer.

Overall, the trends in amphiphile induced reformation observed experimentally here 

are strongly correlated to the thermodynamic barrier of the interacting amphiphile to 

translocation across the membrane and, thus, can be described by differences in asymmetric 

stresses that are likely to be present in the bilayers. In addition to providing insight 
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into fundamental interactions of these natural nonionic and anionic amphiphiles with 

lipid membranes, our results also hint at experimental frameworks that could be used to 

characterize the timescales on which amphiphiles may translocate (e.g., by characterizing 

processes associated with the dynamics involved in the formation and deformation of tubules 

and hemispherical caps). Finally, the differences in membrane response characterized here 

could potentially be tuned or exploited to design self-assembled systems that respond 

selectively, and with a desired mode of membrane restructuring, to these or other specific 

classes of bacterial amphiphiles, providing new avenues for the design of sensing platforms 

with more selective responses or drug delivery vehicles that respond specifically to 

communities of bacteria that produce that amphiphile.

Characterization of Bilayer Remodeling Mediated by Mixtures of Amphiphiles Produced by 
Communities of Bacteria

We return now to a discussion of the results shown in Figure 2, which demonstrate that 

supernatants obtained from 24-hour cultures of P. aeruginosa can promote large-scale 

reformations in SLBs. The results above show that 3-oxo-C12-AHL, 3-oxo-C12-HS and 

rhamnolipid can each, individually, interact with lipid membranes and promote large-scale 

reformation. At 24 hours, cultures of P. aeruginosa should contain all three of these 

amphiphiles. We conducted additional experiments using SLBs and cell-free supernatants 

obtained from 6-hour cultures of P. aeruginosa that have been measured to contain 

approximately 10 μM 3-oxo-C12-AHL (and thus likely some low concentration of 3-oxo

C12-HS) and either no or low (< 5 μg/mL) concentrations of rhamnolipid.66 As shown in 

Figure 10(A–C), these supernatants did not result in large-scale reformations similar to those 

observed the studies above by fluorescence microscopy. We did occasionally observe the 

formation of hemispherical caps (e.g., Figure 10C), but these features were relatively rare 

under the conditions and with the methods used here.

We note that the ~10 μM concentration of 3-oxo-C12-AHL in these supernatants is 

substantially lower than the concentrations of 3-oxo-C12-AHL used in the systematic 

studies above (Figure 4; 30 μM). We therefore conducted additional experiments using 

24-hour supernatants of a mutant strain of P. aeruginosa (ΔrhlA) that is unable to produce 

rhamnolipid or its amphiphilic precursors under any conditions, even at high population 

densities, yet still produces 3-oxo-C12-AHL at native levels.40,77 The results of that 

experiment are shown in Figure 10(D–F) and reveal the formation of tubules on the surface 

of the bilayer, a small proportion of which collapsed into hemispherical caps. This result 

likely arises from higher concentrations of 3-oxo-C12-AHL and its hydrolysis product 

3-oxo-C12-HS in solution after 24 hours of bacterial growth. We consider it likely that 

3-oxo-C12-AHL and 3-oxo-C12-HS could act in concert to promote bilayer remodeling. 

Further support for this is provided by experiments demonstrating that defined mixtures 

of these two amphiphiles can lead to membrane reformations in SLBs (see Figure S9; 

these results at least suggest that combinations of 3-oxo-C12-AHL and 3-oxo-C12-HS do 

not prevent bilayer reformation). In any case, the results of experiments with this mutant 

bacterial strain demonstrate that the production of 3-oxo-C12-AHL by bacteria can promote 

membrane remodeling in the absence of rhamnolipid. In a broader context, we note that 

3-oxo-C12-HS is generally considered to be biologically inactive as a mediator of QS.78 
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Our results reported above (Figures 4, 5, 8) suggest that this hydrolyzed product, which can 

accumulate in bacterial cultures over time, could play other important roles in communities 

of bacteria.

The prospect that 3-oxo-C12-AHL and/or 3-oxo-C12-HS alone could promote membrane 

remodeling leads to intriguing questions and hypotheses about ways in which communities 

of bacteria may interact with each other, or with other species of bacteria at either low or 

high population densities. These results could also shed light on ways in which bacteria 

and communities of bacteria interact with host cells and provide potential guidance for the 

design and understanding of interactions of bacterial communities with synthetic materials 

(e.g., lipid-based materials for sensing and responsive drug delivery). Finally, we note that 

not all bacteria that produce 3-oxo-C12-AHL as their QS signal also produce biosurfactants 

such as rhamnolipid.67,77 Our results therefore may also provide insight on how these 

bacterial species interact with their environment in the absence of biosurfactants or virulence 

factors that can otherwise interact with and disrupt lipid membranes.

Conclusion

The work reported here demonstrates that the bacterial QS signaling molecule 3-oxo-C12

AHL and its hydrolysis product 3-oxo-C12-HS can interact with model lipid membranes 

and promote large-scale membrane remodeling, including the formation of tubules and/or 

hemispherical caps. Our results obtained using fluorescence microscopy and QCM-D 

demonstrate that these processes are dynamic and reversible, and that they occur both 

in SLBs and unsupported lipid membranes (e.g., vesicles). Rhamnolipid, a virulence 

factor produced by P. aeruginosa under the control of QS, also promotes similar bilayer 

reformation but also leads to more substantial disruption and dissolution of bilayers, 

consistent with the well characterized biosurfactancy of this amphiphile. Additional 

experiments using a vesicle-based dye leakage assay demonstrated that 3-oxo-C12-AHL 

and 3-oxo-C12-HS can also facilitate molecular transport across bilayers. MD simulations 

predict differences in the thermodynamic barriers to translocation of these amphiphiles 

across the bilayer in ways that are reflected in differences in type and extent of reformation 

and associated dynamics that are observed experimentally. These differences can be 

interpreted in terms of an accumulation and relief of asymmetric stresses in the inner and 

outer leaflets of a bilayer upon the intercalation and translocation of an amphiphile in ways 

that are similar to past experiments using other natural and synthetic amphiphiles. Finally, 

our results demonstrate that cultures of bacteria that produce 3-oxo-C12-AHL can promote 

membrane remodeling in SLBs in the absence of other biosurfactants such as rhamnolipid. 

Overall, our results suggest potential roles for 3-oxo-C12-AHL and its hydrolysis product 

that move beyond the context of assessing “self” population density to potential mechanisms 

for interspecies interactions and control of host cell response. More broadly, the results 

of these studies with model lipid membranes provide guidance that could be helpful for 

understanding the range of interactions between bacterial communities and synthetic self

assembled materials (e.g., SLBs and lipid vesicles) commonly used to design environmental 

sensors and drug delivery vehicles, and in other fundamental and applied contexts. Studies 

investigating the interactions of structurally diverse, naturally occurring AHLs with model 

SLBs of increasing complexity are currently underway and will be reported in due course.
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Figure 1: 
Structures of the amphiphilic compounds examined experimentally and by molecular 

dynamics simulations in this study.
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Figure 2: 
Representative top-down fluorescence micrographs of structural reformations observed in 

fluorescently labeled DOPC SLBs after the introduction of cell-free supernatants of P. 
aeruginosa cultures grown for 24 hours. The micrographs were acquired (A) 0 seconds, (B) 

90 seconds, and (C) 180 seconds after the first membrane reformations were observed on the 

surface of the bilayer. The direction of flow in all the images is from the bottom to the top of 

the image. Scale bars are 30 μm.

Gahan et al. Page 29

Langmuir. Author manuscript; available in PMC 2022 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Illustrations depicting membrane reformations (microtubules and hemispherical caps) 

observed in our experiments and in past studies of interactions of natural and synthetic 

amphiphiles in contact with SLBs.37 (A) Top-down depiction of a remodeled bilayer 

showing both long and short tubule structures and hemispherical caps. (B,C) Side view 

of (B) a SLB without any structural reformations and (C) a SLB with both (left) extended 

microtubules and (right) hemispherical caps after membrane reformation.

Gahan et al. Page 30

Langmuir. Author manuscript; available in PMC 2022 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Representative top-down fluorescence micrographs of fluorescently labeled DOPC SLBs 

that are either (A, B) stable under a continuous flow of buffer or (C-L) have undergone 

structural reformations after interacting with a continuous flow of (left images: C, E, G, 

I, K) 3-oxo-C12-AHL or (right images: D, F, H, J, L) 3-oxo-C12-HS solutions. Images 

were acquired 360 seconds after the onset of membrane restructuring. The concentration of 

amphiphiles used in each experiment were (C,D) 30 μM, (E,F) 50 μM, (G,H) 100 μM, (I,J) 
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150 μM, or (K,L) 200 μM. The direction of flow in all images was from the bottom to the 

top of the image. Scale bars are 30 μm.
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Figure 5: 
Representative QCM-D measurements of large-scale bilayer reformations in DOPC SLBs 

initiated by the introduction of (solid lines) 3-oxo-C12-AHL or (dashed lines) 3-oxo-C12

HS solutions at (A) 50 μM, (B) 75 μM, (C) 100 μM, (D) 125 μM, (E) 150 μM, (F) 200 

μM. The changes in frequency (ΔFrequency, blue lines; referred to as Δf in the main text 

for brevity), and dissipation (ΔDissipation, orange lines; referred to as ΔD in the main text 

for brevity) shown are representative of three or four independent experiments. The initial 

measurement values (t=0 min) of these experiments correspond to a DOPC SLB on an SiO2 

surface. Either 3-oxo-C12-AHL or 3-oxo-C12-HS solutions were introduced to the bilayer at 

the time indicated by the solid arrow and a buffer wash was introduced at the time indicated 

by the dashed arrow.
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Figure 6: 
Measurements of membrane restructuring occurring in DOPC SLBs introduced to 40 μg/mL 

solutions of rhamnolipid. (A) QCM-D measurements of bilayer reformations initiated by the 

introduction of rhamnolipid solutions with changes in frequency (ΔFrequency, blue lines; 

referred to as Δf in the main text for brevity), and dissipation (ΔDissipation, orange lines; 

referred to as ΔD in the main text for brevity) shown are representative of three or four 

independent experiments. The initial measurement values (t=0 min) of these experiments 

correspond to a DOPC SLB on an SiO2 surface. Rhamnolipid solutions were introduced to 
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the bilayer at the time indicated by the solid arrow and the buffer was introduced at the 

time indicated by the dashed arrow. (B-E) fluorescence micrographs of bilayer restructuring 

occurring at (B) 0 sec, (C) 45 sec, and (D) 6 min after the first bilayer restructuring events 

had been observed or (E) after at least 8 minutes of washing the bilayer with buffer. The 

direction of flow in all images is from the bottom to the top of the image. Scale bars are 30 

μm.
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Figure 7: 
(A-C) Fluorescence microscopy images of DOPC GUVs (A) in buffer or (B,C) after being 

introduced to (B) 100 μM 3-oxo-C12-AHL or (C) 25 μg/mL rhamnolipid. The white 

arrowheads in (B) point to external tubules formed after incubation with 3-oxo-C12-AHL. 

(D) Percentage of vesicles observed to show signs of outer tubulation (see text) upon the 

addition of 3-oxo-C12-AHL, rhamnolipid, or buffer as a control. The value shown is the 

average and standard deviation of three (n=3) independent samples.
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Figure 8: 
Normalized calcein fluorescence intensity values of (A) rhamnolipid and (B) 3-oxo-C12

AHL (black circles) and 3-oxo-C12-HS (red squares) at various concentrations interacting 

with 100 μM of calcein-loaded DOPC vesicles. Statistical significance compared to a 

buffer control is indicated for concentrations of 3-oxo-C12-AHL (black asterisks) and 

3-oxo-C12-HS (red asterisks), with the following p values: #p<0.05, †p<0.01, *p<0.0001. 

All points shown are the average and standard deviation of nine independent fluorescence 
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measurements (see Materials and Methods). For the rhamnolipid measurements, some error 

bars are obscured by the size of the data point.
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Figure 9: 
Results of molecular dynamics simulations. (A) Potentials of mean force (PMFs) of 3-oxo

C12-AHL (blue) and 3-oxo-C12-HS (orange) as a function of the distance along the DOPC 

bilayer normal (z). The midplane of the membrane is at z = 0 nm and the PMF is set to 

zero at z = 4 nm. Each curve shows the average of two independent PMFs and error bars 

show the standard deviation. The plots also illustrate the definition of ΔGpar as the free 

energy difference between the PMF minimum and the value in solution and ΔGtrans as the 

free energy difference between the PMF minimum and maximum. (B) Snapshots showing 
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configurations of AHLs and bilayers for different characteristic values of z in the PMF of 

3-oxo-C12-AHL. A snapshot for z = 0 nm for 3-oxo-C12-HS is shown to highlight the 

local bilayer disruption that contributes to the larger value of ΔGtrans. Lipid head groups are 

yellow/orange, AHL heads are red, AHL tail groups are cyan, and water is drawn as red 

and white. Lipid tail groups are not shown for clarity. (C) Table showing ΔGpar and ΔGtrans 

values for all molecules simulated here.
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Figure 10: 
Representative top-down fluorescence micrographs of structural reformations occurring 

in fluorescently labeled DOPC SLBs after the introduction of cell-free supernatants of 

(A-C) wild type P. aeruginosa cultures grown for 6 hours or (D-F) mutant strain ΔrhlA P. 
aeruginosa cultures grown for 24 hours. The micrographs were acquired at (A, D) 0 seconds, 

(B, E) 90 seconds, and (C, F) 180 seconds after the first membrane reformations were 

observed on the surface of the bilayer. The direction of flow in all the images is from the 

bottom to the top of the screen. Scale bars are 30 μm.
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