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Abstract

The evolution of solution aggregates of the anionic form of the native monorhamnolipid (mRL) 

mixture produced by Pseudomonas aeruginosa ATCC 9027 is explored at pH 8.0 using both 

experimental and computational approaches. Experiments utilizing surface tension measurements, 

dynamic light scattering, and both steady-state and time-resolved fluorescence spectroscopy reveal 

solution aggregation properties. All-atom molecular dynamics simulations on self-assemblies of 

the most abundant monorhamnolipid molecule, L-rhamnosyl-β-hydroxydecanoyl-β-

hydroxydecanoate (Rha-C10-C10), in its anionic state explore the formation of aggregates and the 

role of hydrogen bonding, substantiating the experimental results. At pH 8.0, at concentrations 

above the critical aggregation concentration of 201 μM but below ~7.5 mM, small premicelles 

exist in solution; above ~7.5 mM, micelles with hydrodynamic radii of ~2.5 nm dominate, 

although two discrete populations of larger lamellar aggregates (hydrodynamic radii of ~10 and 90 

nm) are also present in solution in much smaller number densities. The critical aggregation 

number for the micelles is determined to be ~26 monomers/micelle using fluorescence quenching 

measurements, with micelles gradually increasing in size with monorhamnolipid concentration. 

Molecular dynamics simulations on systems with between 10 and 100 molecules of Rha-C10-C10 

indicate the presence of stable premicelles of seven monomers with the most prevalent micelle 

being ~25 monomers and relatively spherical. A range of slightly larger micelles of comparable 

stability can also exist that become increasing elliptical with increasing monomer number. 

Intermolecular hydrogen bonding is shown to play a significant role in stabilization of these 
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aggregates. In total, the computational results are in excellent agreement with the experimental 

results.

Graphical abstract

INTRODUCTION

Surfactants are used extensively in a wide array of products including foods, drugs, 

detergents, cosmetics, and paints.1,2 Glycolipid surfactants are of emerging interest due to 

their potential as alternatives to surfactants derived from petroleum feedstocks.3 

Rhamnolipids, glycolipid biosurfactants produced predominantly by Pseudomonas 
aeruginosa, are of particular note within this class due to their attractive surfactant properties 

and production in relatively large quantities, making them increasingly viewed as green 

alternatives to conventional synthetic surfactants.4–6

Rhamnolipids possess either a mono- or dirhamnose headgroup coupled to a (R,R)-β-

hydroxyalkanoyl-β-hydroxyalkanoic acid tail (see Figure 1). Although the native material is 

generally a complex mixture of congeners in which the headgroups are preserved and the 

tails vary in alkyl chain length and unsaturation, the most abundant congeners are typically 

L-rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-C10-C10) and L-rhamnosyl-L-

rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-Rha-C10-C10). Most bacterial 

strains make mixtures of both monorhamnolipids and dirhamnolipids,7 although at least one 

strain has been identified as a natural mutant that is an exclusive producer of mRLs.8

Numerous previous studies have reported the behavior of rhamnolipids at the air–water 

interface.9–12 Given the potential of rhamnolipids as green surfactants, a thorough 

understanding of both their interfacial and bulk solution aggregation properties is needed to 

advance their utilization.

This work focuses on the evolution of aggregate structure for monorhamnolipids, since, of 

the two classes of rhamnolipids, monorhamnolipids are known to exhibit stronger surface 

activity.10,13–15 Although multiple researchers have reported critical micelle concentration 

(CMC) values in the micromolar regime from surface tensiometry,14,16,17 and dynamic light 

scattering (DLS) has provided insight into solution aggregate size, with aggregates of 
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hydrodynamic radii ranging from several nanometers to a few hundred nanometers 

reported,10,14,17 detailed information about the early stages of aggregation and the growth of 

aggregate size as solution concentration increases is missing. Although small-angle neutron 

scattering (SANS) studies have provided some definitive information about aggregate size 

and shape, results have only been reported for solutions 20 mM and higher in 

concentration,9,10,15,18,19 with aggregates of ~47 monomers reported for 20 mM 

monorhamnolipids in pH 9 aqueous borax buffer.10 The results at 20 mM are consistent with 

the small micelles observed using cryo-TEM in solutions of basic pH;20 at higher 

concentrations, SANS results indicate the presence of lamellar structures.10 Work 

investigating the early stages of aggregation, and a detailed, systematic analysis of the 

evolution of aggregate structure with concentration is lacking in the literature.

Moreover, the published literature contains notable inconsistencies about rhamnolipid 

aggregation behavior, some of which arise from the use of widely varying solution 

conditions (ionic strength and pH) as well as rhamnolipid congener mixtures grown and 

harvested from different bacterial strains using different extraction procedures.10,14,16,17,20 

Thus, a need still exists to fully characterize the aggregation properties of these surfactants 

in solution as well as to probe the chemical microenvironments within these aggregates, 

especially at concentrations below ~20 mM. Toward this end, we report the combined use of 

surface tensiometry, fluorescence spectroscopy,21,22 fluorescence quenching,23,24 and DLS 

combined with all-atom molecular dynamics (MD) simulations to better understand the 

aggregation properties of anionic monorhamnolipids in aqueous solution at basic pH. 

Reported here are aggregate morphology and size data on the deprotonated native mixture of 

monorhamnolipids produced by and harvested from the strain Pseudomonas aeruginosa 
American Type Culture Collection (ATCC) 9027, chosen because it is known to be an 

exclusive producer of monorhamnolipids.8

EXPERIMENTAL SECTION

Materials

Hexanes (EMD Chemicals, 98.5%), ethyl acetate (EMD Chemicals, 99.5%), 

dichloromethane (EMD Chemicals, 99.5%), chloroform (EMD Chemicals, 99.5%), 

methanol (J.T. Baker, ≥99.9%), glacial acetic acid (EMD Chemicals, 99.5%), sulfuric acid 

(EMD Chemicals, 95%), anthrone (Sigma-Aldrich, >93%) hydrochloric acid (EMD 

Chemicals, 36.5–38%), sodium hydroxide (J.T. Baker, 98%), ethanol (Decon Laboratories, 

Inc., absolute), sodium phosphate monobasic monohydrate (EMD, 98%), sodium dibasic 

anhydrous phosphate (EMD Chemicals, 99%), 6-propionyl-2-dimethylaminonaphthalene 

(prodan, Molecular Probes), 6-dodecanoyl-2-dimethylaminonaphthalene (laurdan, Molecular 

Probes), toluene (EMD Chemicals, 99.5%), pyridine (Sigma-Aldrich, ≥99%), and 

(tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane (Gelest) were used as received. Pyrene 

(Sigma-Aldrich, ≥99.0%) and benzophenone (BP, Alfa Aesar, 99%) were further purified by 

recrystallization from an ethanol (1–2 vol %) in water solution. Water was purified using a 

Milli-Q UV system to a resistivity of 18.2 MΩ (Millipore Corp.) with a total organic carbon 

content <6 ppb.
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Surfactant Stock Solution Preparation

The native monorhamnolipid mixture (mRL) was harvested from cultures of P. aeruginosa 
ATCC 9027 using procedures described previously25 and further purified using column 

chromatography on silica (Sigma-Aldrich, 60 Å). Eluted mRLs were detected on silica-

coated, aluminum-backed thin layer chromatography (TLC) sheets (EMD Millipore). 

Dichloromethane solutions of the purified mRLs were then filtered through Whatman 

Anapore 0.02 μm filters prior to triple rotoevaporation followed by lyophilization. A 

combination of reversed-phase HPLC and LC-MS was used to assess native mRL mixture 

purity after this combined harvesting–purification protocol. These mRL mixtures are 

routinely in excess of 98% purity based on identifiable monorhamnolipid structures (i.e., 

single rhamnose unit with variable lipid tail length and saturation) in the reversed-phase 

HPLC analysis. More information about the composition of this mRL congener mixture is 

provided in Table S1 of the Supporting Information.

mRL solutions were prepared by dissolving purified and freshly lyophilized mRL in the 

appropriate buffer and stirring in a Teflon vial (VWR) with a Teflon-coated stir bar for a 

minimum of 12 h. Teflon is necessary to minimize strong surface adsorption of these 

materials. Buffers were prepared with appropriate amounts of sodium phosphate monobasic 

monohydrate, sodium dibasic anhydrous phosphate, and sodium hydroxide using Milli-Q 

water and then filtered sequentially through Acrodisc 25 mm syringe filters with 0.45, 0.2, 

and 0.1 μm Supor membranes.

Instrumentation and Measurement Procedures

Surface tension measurements were performed to ±0.5 mN/m on a Fisher Scientific model 

21 Surface Tensiomat using a Pt–Ir du Noüy ring (Fisher Scientific) or a Biolin Scientific 

model Sigma 701 Attension surface tensiometer. Tensiometers were calibrated with pure 

water at ~72 mN/m before each experiment. Three independently prepared samples were 

tested for each solution condition studied.

Dynamic light scattering (DLS) measurements were taken on a Viscotek model 802 

instrument, equipped with a 50 mW fiber-optic coupled diode laser at 830 nm, using a 150 

μL sample aliquot in a submicro quartz fluorometer cuvette (Starna Cell) held at 20 °C. 

Autocorrelation functions were analyzed using OmniSIZE 3.0 software or through 

cumulants analysis26,27 by fitting the average correlation functions using Origin 7.5. The 

DLS instrument was validated daily using polystyrene particle standard solutions of 0.2 and 

0.05 μm diameter, 2.5% (w/w) suspended in water (Alfa Aesar).

A Photon Technologies, Inc. (PTI), Quanta Master 40 spectrofluorometer was used for 

steady-state and time-resolved fluorescence measurements. Samples were prepared by 

subjecting them to a freeze–pump–thaw (FPT) cycle to eliminate dissolved O2
28 in an 

environmental control box purged with Ar and N2 and then stirred for an additional 2 h 

before being transferred to a sealed 0.4 cm cuvette (Starna Cell) that had been previously 

silanized with a fluorinated silane to prevent mRL adsorption (as described in the 

Supporting Information) and purged with N2. Pyrene fluorescence was excited at 337 nm 

with emission observed at 373 nm. Fluorescence experiments were performed at 20 °C. 
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Three independently prepared surfactant/probe/quencher samples at each concentration were 

measured, and three instrumental replicates of data for each sample were acquired and 

averaged. Fluorescence intensities were corrected for the inner filter effect using the method 

of Gauthier et al.29

Molecular Dynamics Simulations

Force field parameters for the anionic Rha-C10-C10 mRL were first generated with charge 

groups defined according to the functional groups present in the molecule. Parameters for 

Rha-C10-C10 were obtained from the CHARMM (Chemistry at HARvard Macromolecular 

Mechanics) General Force Field (version 2b8)30 and optimized according to the CHARMM 

force field parameterization procedure to better reproduce the properties of Rha-C10-C10 of 

the high level ab initio calculations. It is noted that the set of parameters obtained for Rha-

C10-C10 is compatible with the CHARMM36 force field,31,32 and it could also be used in 

combination with any force field parameters for other molecules.

The initial coordinates of the simulation were obtained by randomly placing Rha-C10-C10 

molecules in a cubical box using PACKMOL software.33 These randomly distributed Rha-

C10-C10 molecules were explicitly solvated using a cubic box of pre-equilibrated TIP3P 

water.34 The size of the water box was chosen to be 10 × 10 × 10 nm3 to ensure a minimal 

distance of at least 1 nm between the boundary water and the closest atom of the Rha-C10-

C10 molecule in all directions. Solvent molecules were removed if they were within 0.28 nm 

of any heavy atoms of Rha-C10-C10. Equal numbers of Na+ were added to the system to 

neutralize the total net charge.

MD simulations were conducted in periodic boundary conditions using NAMD 2.9.35 A 

direct cutoff for nonbonded interactions of 1 nm, a switch function starting at 0.8 nm for the 

van der Waals interactions, and particle mesh Ewald36 for long-range electrostatics were 

applied. The SHAKE algorithm37 was used to constrain all bonds involving hydrogen atoms, 

and a time step of 1 fs was used for the MD integration. The temperature and pressure were 

controlled by the Langevin thermostat and the Nosé–Hoover Langevin barostat38,39 as 

implemented in NAMD, respectively. The system was first energy minimized, then heated to 

300 K, and finally equilibrated under constant 1 atm pressure and temperature. During 

minimization, heating, and equilibration, no constraints were applied. To avoid 

computationally expensive long relaxation times and large systems, a method of simulated 

annealing was employed.40 The following protocol, used to obtain unbiased initial 

conformations, consists of a three-stage, simulated annealing: (i) temperature rise from 300 

to 400 K in 200 ps; (ii) constant high temperature equilibration at 400 K for 800 ps; and (iii) 

slow cooling back to 300 K in 1 ns.

As a test of the MD simulation methods used here, the aggregation behavior of sodium 

dodecyl sulfate (SDS), which is known to produce aggregates of ~60 monomers, was tested. 

Starting with 120 anionic SDS molecules with 120 Na+ in a 10 × 10 × 10 nm3 box of water, 

two micelles form of ~59 SDS molecules each. This aggregation number is consistent with 

multiple measures of aggregation number for SDS reported in numerous papers in the 

literature,24,41 thereby validating the methods used here. These results are shown in Figure 

S11 in the Supporting Information.
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RESULTS AND DISCUSSION

Critical Aggregation Concentration and Solution Aggregate Populations

Surface tension measurements on this mRL mixture at pH 8.0 in phosphate buffer (to ensure 

complete deprotonation of the carboxylic acid moiety42), pH 7.0, and pH 6.8 are reported in 

Table 1. They indicate critical aggregation concentrations (CACs) of 201 μM at pH 8.0, 130 

μM at pH 7.0, and 108 μM at pH 6.8 (Figure S1), decreasing rapidly with decreasing pH as 

has been previously observed.10,12–14,43,44 These concentrations are termed critical 

aggregation concentrations, as it is believed based on results described below to be the 

concentration at which premicellar aggregates form, with full micelles not observed until 

higher concentrations. Further justification for this assertion is provided below in the 

fluorescence spectroscopy discussion.

It is noted that the native mRL mixture is composed of a complex array of almost 40 

congeners at varying relative abundances, with the Rha-C10-C10 congener the most 

abundant at typically 70–85%. Any given batch of purified mRLs has slightly different ratios 

of congeners, leading to small variances in measured CAC values.

The CAC values determined here along with a summary of previously reported CAC values 

and other parameters extracted from the surface tension results for mRLs are reported in 

Table 1. Of these values, none have been reported previously for mRLs collected from P. 
aeruginosa ATCC 9027. The values determined in this work are consistent in all cases with 

the values collected under generally similar solution conditions as shown in the table. In 

general, the CAC values decrease with pH due to the increasing protonation of the 

carboxylic acid moiety whose pKa has been reported to be 5.5.42

Minimum surface tension (γmin) values decrease from 29 mN/m at pH 8.0 to 26 mN/m at 

pH 7.0 to 25 mN/m at pH 6.8 with cross-sectional areas (S) calculated from the surface 

coverage (Γ) values of ranging from 86 to 109 Å2 as extracted from the surface tension data 

by fitting it to the Gibbs equation:2,10,13,45

(1)

where dγ is the change in surface tension, n is the Gibbs prefactor (here = 2), R is the gas 

constant, T is temperature, (d ln C1) is the change in surfactant concentration, and Γ is the 

surface coverage. All values calculated for the monorhamnolipid mixture used here are 

comparable to those measured previously for monorhamnolipid systems when accounting 

for differences in solution pH, ionic strength, and monorhamnolipid mixture composition.

The packing parameter (P)47,48 for the most abundant Rha-C10-C10 congener of native 

mRL as a representative model for the mixture is 0.48, which suggests ellipsoidal 

aggregates. DLS was used here to assess the aggregate populations present in solutions of 

these monorhamnolipids at pH 8.0. In seven separate instrumental replicates performed on 

three replicate solutions at pH 8.0, three aggregate populations with average Rh values of 

~2.4, 10, and 90 nm were reproducibly observed at all mRL concentrations. Based on the 
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DLS number distributions (see Figures S2 and S3), the predominant population under all 

mRL concentration conditions at pH 8.0 is micelles or premicelles (vida infra) with an 

average Rh of ~2.4 nm, with very small numbers of the two populations of larger aggregates. 

This conclusion is consistent with the results from fluorescence spectroscopy and MD 

simulations described below.

For the micelle population, another estimate of shape comes from comparing the average Rh 

values from the DLS data to the molecular length (plus a variable hydration layer) calculated 

with molecular modeling.49 With no free volume in the micelle interior, the radius of a 

perfectly spherical micelle (the so-called short axis) would be the length of one surfactant 

molecule. If the ratio of Rh to the short axis is 1, the micelle is predicted to be spherical; if 

this ratio is >1, the micelle is predicted to be ellipsoidal. From the DLS data, the Rh of mRL 

micelles is ~2.4 nm and the short axis is calculated to be 1.6 nm. Thus, the ratio of these 

values is >1, leading to the prediction of an ellipsoidal micellar shape. This method is in 

good agreement with the aggregate shapes predicted by the MD simulations below that 

indicate an ellipsoidal structure for micelles of larger monomer numbers. Indeed, for Rha-

C10-C10 micelles, the MD simulation results suggest a slight increase in aggregate radius as 

monomer number increases; 2.4 nm falls approximately in the middle of all computationally 

determined micellar sizes.

Importantly, the DLS results are wholly consistent with our previously published cryo-TEM 

work on this native mRL mixture from P. aeruginosa ATCC 9027.20 The cryo-TEM results 

showed the presence of three populations of solution aggregates whose number densities are 

strongly dependent on solution pH. Micelles are clearly the predominant solution aggregate 

at pH 8.0, a conclusion consistent with the fluorescence spectroscopy results (vida infra); the 

TEM images also substantiate identification of the aggregates of ~10 nm radius as 

unilamellar vesicles and ~90 nm radius as multilamellar vesicles. Further, the cryo-TEM 

images show that the number densities of both types of vesicles drop drastically over the pH 

range from 7.0 to 8.0, with no vesicles of either type visible in a TEM image covering an 

approximate 800 nm × 800 nm region, consistent with the very low abundance of vesicles in 

the DLS number distribution data (Figure S3). Obviously, DLS samples a much larger 

volume of solution than cryo-TEM, and thus, the probability of detecting vesicles is much 

larger. Indeed, using the number densities of each aggregate type reported by DLS, one can 

develop a rough estimate of the cryo-TEM volume that would need to be sampled to see 

even one unilamellar or multilamellar vesicle. This analysis suggests that 50 or 50 000 

images of an approximate 800 nm × 800 nm size would be needed to be analyzed to see just 

one unilamellar or one multilamellar vesicle, respectively. Thus, it is not surprising that 

neither of these vesicle structures is observed in the cryo-TEM results at pH 8.0.20 Finally, at 

these very low vesicle number densities, it is noted that the fraction of monorhamnolipid 

monomers consumed in forming these aggregates at pH 8.0 is also negligible at all 

concentrations greater than the CAC.

Previously reported results for mRLs suggest a growth in aggregate size as surfactant 

concentration increases.9,14 Thus, mRLs were studied with DLS across a range of 

concentrations between 0.1 and 100 mM to further explore this behavior. The size and 

population abundance of aggregates observed as a function of mRL concentration are shown 
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in Figure S3. The relative abundances of these populations exhibit essentially no change 

within this concentration range; similarly, the observed micelle radii range from 2 to 3 nm 

with little to no systematic growth. Discussed below is experimental evidence from 

fluorescence spectroscopy measurements that supports a slight growth in aggregation 

number across this concentration range. This growth is believed to be primarily elongation 

along one axis of the micelle; the Rh determined from fitting the DLS autocorrelation 

function is less sensitive to such anisotropic growth. Thus, given the assumption of spherical 

shape in the analysis of the DLS data, the absolute sizes derived from DLS measurements 

should be considered only estimates.

The micelle population exhibits number densities 108 and 1011 times more prevalent than 

the next largest (Rh ~ 10 nm) and largest aggregates (Rh ~ 90 nm). Despite the potential 

error introduced in conversion of light scattering intensities to number densities by the 

assumption of spherical shape (up to 104 difference by the most conservative estimate50), the 

micelle population clearly dominates under all solution conditions studied here, with larger 

aggregates only present in trace quantities. Nonetheless, the presence of even small numbers 

of these larger aggregates strongly influences the light scattering behavior. This is manifest 

not only in the clear observation of these larger aggregates in the DLS intensity distributions 

but also in the polydispersity index calculated from the combined correlation function using 

cumulants analysis.26,27 Figure S4 shows the polydispersity index (PdI) as a function of 

mRL concentration. On the basis of these values, we conclude that the aggregate population 

at mRL concentrations just above the CAC is slightly polydisperse (PDI = 0.1–0.2) but 

increases steadily to be moderately polydisperse (PDI ~ 0.4) at higher mRL concentrations.

Previously reported Rh values for mRLs at pH 9 in borax buffer include the observation of 

micelles at lower concentrations (~20 mM) and lamellar structures at higher concentrations 

(up to 100 mM),9 lamellar structures for concentrations above the CMC at pH 7.4 in 5 mM 

HEPES/100 mM NaCl,12 and premicelles at low concentrations (0.06 mM), with both 

micelles and lamellar structures present at higher concentrations (up to 5.0 mM) at pH 6.8 in 

59.5 μM sodium bicarbonate/10 mM NaCl.14 Our results are consistent in that they indicate 

the presence of both micelles and lamellar structures, but at pH 8.0 in 10 mM phosphate 

buffer, the propensity for micelle formation is high. The differences between this work and 

previous studies suggest that micelle and lamellar populations are highly sensitive to pH and 

electrolyte concentration.

Aggregate Type, Aggregate Microenvironment, and Aggregation Number

Insight into the predominant aggregate type and microenvironment in these mRL solutions is 

provided by the emission behavior of two hydrophobic probes, pyrene and prodan (solution 

emission spectra shown in Figure S5). Both probes are known to partition into hydrophobic 

regions of surfactant aggregates,21,51,52 and their emission intensities or wavelength maxima 

(λmax) depend sensitively on polarity of the aggregate microenvironment.22 Prodan exhibits 

a blue-shift in λmax from its free solution value of ~525 nm as its environment becomes 

more nonpolar, with distinct maxima observed for micelle (~500 nm) versus lamellar (~440 

nm) aggregate types.21 In addition, a common measure of microenvironment polarity is the 
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intensity ratio of the third (III) to first (I) vibronic bands of pyrene; this ratio ranges from 

values >1 in more nonpolar environments to ~0.5 in extremely polar environments.53

Figure 2a shows normalized fluorescence spectra for prodan as a function of mRL 

concentration in pH 8.0 solutions with the emission maxima plotted in Figure 2b. Prodan 

dissolved in octylglucoside aggregates has been shown previously to fluoresce at a λmax of 

~500 nm with its corresponding emission in a lamellar phase at a much lower wavelength.22 

Prodan in mRL micelles fluoresces at a λmax of ~500 nm while prodan in the mRL lamellar 

phase emits at the much lower wavelength of ~445 nm. At pH 8.0, prodan emission is more 

intense with increasing mRL concentration with the λmax shifting from that of free prodan 

dissolved in water (525 nm) to prodan dissolved in micelles (500 nm) as the concentration 

increases. A less intense shoulder is also observed at 445 nm, indicating the presence of 

small quantities of lamellar structures. Parasassi et al. have shown that the quantum 

efficiencies of prodan in micelle and lamellar environments are similar.21 Thus, these spectra 

allow an estimation of the relative amounts of the two phases in solution under a given set of 

conditions. Noteworthy about these spectra, therefore, is the dominance of the micelle form 

of the mRL aggregates at all concentrations at pH 8.0, consistent with the DLS results. This 

is in contrast to the prodan behavior at pH 4.0 (see Figure S6) in which lamellar aggregates 

clearly dominate at almost all concentrations.

Normalized pyrene spectra are shown in Figure 3a, and the pyrene III/I intensity ratios as a 

function of mRL concentration are shown in Figure 3b. The pyrene ratio increases quickly 

up to ~7.5 mM before leveling off. In the same concentration regime <7.5 mM, the λmax for 

prodan (Figure 2b) decreases from its aqueous solution value of 525 to 495 nm indicative of 

aggregate formation.22 The rapid change in the pyrene and prodan indicators in this 

concentration regime suggests loosely packed premicellar aggregates that grow in size, 

creating increasingly more nonpolar environments. The MD simulations discussed below 

confirm the existence of loosely packed premicelles into which water significantly 

penetrates with the emergence of more spherical and ellipsoidal micelles at higher 

concentrations. At mRL concentrations >10 mM, the pyrene III/I intensity ratio levels off 

while the λmax for prodan quite surprisingly increases slightly before leveling off at >30 

mM. This surprising red-shift with increasing aggregate size may arise from prodan residing 

progressively outside the hydrophobic core of the micelles, experiencing more polarity from 

the hydrated rhamnose headgroup region of the micelles. This probe emission behavior is 

indicative of a transition in this region in which water penetration of the aggregates 

decreases as fully formed micelles emerge at ~10 mM mRL with elongation of the micelles 

at higher concentrations. Elongation of the mRL micelles is observed in the MD simulation 

results at similar effective concentrations.

A more accurate estimate of aggregate size for the micelle population can be obtained 

through determination of the aggregation number (Nagg), the number of monomers in the 

average micelle, at any given concentration. These values can be readily obtained from 

steady-state (SS) fluorescence quenching measurements using the method of Turro and 

Yekta.24 Using a probe and quencher pair that have a high affinity for the micelle, Nagg can 

be determined from a decrease in probe fluorescence with increasing quencher 
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concentration.24 Fluorescence intensities measured as a function of quencher concentration 

allow development of a modified Stern–Volmer plot from

(2)

where I0 is the fluorescence intensity of the probe in the micelles in the absence of quencher, 

I is the fluorescence intensity at a given quencher concentration, and [S] is the total 

surfactant concentration. More detailed discussion about this method is provided in the 

Supporting Information.

This method is predicated on several assumptions: (1) that the probe and quencher follow a 

Poisson distribution within the micelles,23,24 (2) that the dynamic quenching rate constant 

(kq) is large relative to the fluorescence rate of the probe (k0) such that kq/k0 > 10,41,54 (3) 

that the probe and quencher have a high affinity for the micelle interior,24,55 (4) that the 

micelles are relatively monodisperse and small (Nagg < 500),55,56 and (5) that the probe 

residence time is ≫τ0.55,56 The experiments conducted here utilized quenching of a pyrene 

fluorescent probe with benzophenone (BP); this probe–quencher pair has been used 

extensively to identify Nagg values for multiple surfactants,28,51 and hence, their adherence 

to these assumptions with mRLs is likely. However, potential effects from changes in 

microenvironment and polydispersity of the mRLs are explored herein. Solution 

concentrations of fluorescent probe and quencher are chosen to ensure a Poisson distribution 

such that no more than one probe occupies a micelle; for this, [P]/[M] must be <0.05.41 If 

[Q]/[M] is then varied between 0 and 2, a Poisson distribution exists validating the 

method.28,51,57 Also, a zeroth-order assumption is that kq/k0 > 10 over the mRL 

concentration range studied; the validity of this assumption is addressed in more detail 

below. Finally, the association constants of the probe (KP) and quencher (KQ) for the micelle 

interior (Figures S7 and S8) were estimated to be 1.94 × 104 and 1.47 × 104 M−1, 

respectively, at concentrations >7.5 mM. Therefore, minimal error should be incurred when 

using eq 2 to estimate Nagg using SS fluorescence measurements at concentrations >7.5 mM. 

Below 7.5 mM, not all assumptions are fully valid, as will be discussed more below. 

Therefore, the SS fluorescence quenching method is applied here only to determine 

aggregation numbers for mRL concentrations >7.5 mM.

It is noted that using the Tanford method to predict micelle shape also allows estimation of 

Nagg.49 Using the most abundant congener (Rha-C10-C10) in the native mRL mixture as 

representative, Nagg is estimated to be 25–45 monomers/micelle.49

Using the fluorescence method of Turro and Yekta, Nagg values as a function of mRL 

concentration are shown with the black symbols in Figure 4. This plot exhibits an 

approximately linear change in Nagg with mRL concentration. The smallest stable true 

micelle is defined herein as the critical aggregation number (Nagg,crit), which for the native 

mRL mixture is ~26 monomers/micelle at mRL concentrations of ~10 mM. Although for 

anionic surfactants this value is quite small, it matches well with the values predicted by the 

Tanford model of ~25–45 monomers/micelle.49 This value is also consistent with the results 
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of MD simulations described below as well as with the relatively small size of the major 

mRL congener in the mixture, Rha-C10-C10.

The association constant (KQ) of the quencher for the micelle interior can be determined 

using the method of Tachiya that more fully describes the fluorescence quenching behavior 

according to58

(3)

In fact, the method of Turro and Yekta using eq 2 is an approximation in which the 1/KQ 

term is assumed to be negligible. Defining α to be the slope of a plot of n versus [Q], a plot 

of 1/α vs [S] – cmc (Figure S8) can be used to estimate KQ and Nagg from the intercept and 

slope of a fit of the linear portion of the values, respectively. The results suggest that at 

concentrations <7.5 mM the KQ value for BP (~5 × 103 M−1) is about an order of magnitude 

lower than at concentrations >7.5 mM, as might be expected for relatively loosely packed 

premicellar structures. The formation of premicelles from multiple monomers prior to the 

formation of full micelles has been postulated previously for multiple surfactant systems59,60 

and proposed previously for native mixtures of mono- and dirhamnolipids.14 The 

premicellar mRL aggregates implicated here likely take on a loosely packed structure of 

several monomers as further validated by the MD simulations described below. Premicellar 

aggregation of mRLs is facilitated by the possibility of not only hydrophobic interactions 

between mRL chains but also hydrogen bonding between rhamnose headgroups. These 

arguments are strengthened by the large partition coefficients for pyrene and BP as well as 

the spectral behavior of pyrene and prodan which report on aggregate microenvironment 

polarity as discussed above.

For mRL concentrations >7.5 mM, fully formed micelles exist which then exhibit a 

continual slight increase in Nagg with increasing mRL concentration. Further evidence for 

the formation of true micelles at mRL concentrations >7.5 mM comes from the data shown 

in Figure S8; tangents to this curve for mRL concentrations near 10 mM begin to have 

smaller intercepts, indicating larger values of KQ for BP as would be expected for true 

micelles. Polydispersity may also occur along with the increase in Nagg arising from 

elongation of micelles and/or formation of lamellar structures as corroborated by the 

computations below.

Chen et al. reported an aggregation number of 47 mRL monomers/micelle using SANS for a 

mRL concentration of 20 mM at pH 9 in 0.023 M borax/0.008 M HCl; larger lamellar 

structures were reported at higher mRL concentrations.10,18 Our Nagg value from SS 

fluorescence quenching measurements at 20 mM mRL is ~31 monomers/micelle. This 

difference in aggregation number is likely due to the higher ionic strength in the work of 

Chen, which is known to increase aggregation number for anionic surfactants.61,62

The Nagg values determined using SS fluorescence quenching, along with the attendant 

assumptions, can be further validated using the Infelta–Tachiya method of time-resolved 
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fluorescence quenching (TRFQ)54,63 under similar probe and quencher conditions. In this 

method, eq 4 is used to relate the intensity at time 0, I0, and at some time t after excitation, 

I(t), to parameters A1, A2, and A3 that are a function of the rate constants for the various 

processes leading to time-dependent changes in fluorescent signal intensity:54,63,64

(4)

(5)

(6)

(7)

Here, k− is the exit rate of the quencher from the micelle, kq is the rate constant for 

quenching, k0 is the fluorescence rate constant of the pyrene probe, and n, as defined by eq 

3, is related to quencher and micelle concentrations and KQ. By fitting the pyrene lifetime 

decay curves (representative intensity–time curves are shown in Figure S9) to these 

equations, Nagg can be determined if the quencher concentration is known. Additional 

assumptions to those discussed above for the SS fluorescence measurements are that kq/k0 is 

>10 and static quenching contributions are minimal. Past work suggests that the 

benzophenone–pyrene quenching kinetics satisfy these conditions.50

Time-resolved fluorescence measurements were made on solutions of 15, 30, and 50 mM 

mRL. Pyrene concentrations of 250 nM were used and BP concentrations were maintained 

at a [Q]/[M] of ~1, for which the [M] concentration is approximated using Tanford’s 

method49 and the SS data above. The Nagg values observed for these three mRL 

concentrations are shown as the red symbols in Figure 4. They are in excellent agreement 

with the Nagg values determined in the SS experiments, further validating the above results.

The time-resolved fluorescence method also provides insight into kq and k− values, allowing 

validation of the kq/k0 and minimal migration (i.e., small k−) assumptions above. Values of 

kq/k0, k−, and τres (BP quencher residence time) at different mRL concentrations are given 

in Table S2. Negligible k− values (large τres values) for BP suggest the same for the more 

nonpolar pyrene, as it has a greater association with the hydrophobic aggregate interior. For 

mRL concentrations >7.5 mM wherein fully formed micelles are observed, the kq/k0 values 

are all >10, thereby validating use of the Turro–Yekta SS method. However, as noted, for 

mRL concentrations <7.5 mM, these values are <10, indicating that errors in Nagg values are 
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likely. The kq/k0 value is as low as ~2 at a concentration of 1 mM mRL increasing to a value 

of 10 between 5 and 10 mM mRL. The impact of this assumption not being strictly met can 

be evaluated using the previous work of Alargova.41 According to this previous work, 

because the pyrene probe is not wholly engulfed by the premicellar aggregates for 

concentrations <7.5 mM, making the kq/k0 ratios in this concentration regime <10, exact 

Nagg values are likely to be underestimated by amounts ranging from 70% at mRL 

concentrations of ~1 mM, decreasing to ~25% by mRL concentrations of ~5 mM, and 

decreasing to zero by 10 mM. Even with errors of this magnitude, Nagg values for 

concentrations <7.5 mM are still considerably smaller (data not shown) than the critical 

aggregation number of ~26 determined here, consistent with premicellar aggregates as 

postulated above.

Finally, for concentrations >7.5 mM, the polydispersity of the aggregates can be assessed by 

varying quencher concentration in fluorescence quenching measurements to confirm the 

DLS, cryo-TEM, and prodan fluorescence spectroscopy results of a predominantly micellar 

system. The Nagg values reported above represent average values across all aggregate 

populations occupied by the quencher. Therefore, in a system of aggregates with multiple 

populations (i.e., micelle and lamellar), the aggregation number varies as a function of ⟨Q⟩ = 

[Q]/([S] – cmc).50 If a system has a population that is polydisperse, the quencher will first 

load into aggregates with more total mass, the lamellar aggregates,65,66 and then at higher 

⟨Q⟩, quenchers will occupy aggregates with less total mass, here the micelles.50,65,66 By 

varying quencher concentration, a weighted average aggregation number (Nagg,w) can be 

calculated, and if significant polydispersity exists, then Nagg and Nagg,w will differ. The basis 

of this relationship is described in more detail in the Supporting Information. By plotting 

Nagg as a function of ⟨Q⟩, as shown in Figure S10a for a 15 mM native mRL solution, it can 

be seen that although there is scatter in the data, Nagg does not change significantly with 

⟨Q⟩, indicating minimal polydispersity. To evaluate polydispersity further, the kinetics of the 

quenching rates are determined through fitting eq 4 in the fluorescence lifetime 

measurements above. If significant polydispersity exists, then the A3 fitting term in eq 4 will 

vary with ⟨Q⟩ due to the loading of larger aggregates by quencher first.57,65–67 Figure S10b 

shows the A3/A3,min ratio as a function of ⟨Q⟩ along with the fraction of micelles (fm = 

number of micelles/total number of aggregates) to generate a quantitative value for 

polydispersity. This plot shows a fraction of micelles of ~1 across the entire mRL 

concentration range studied here, confirming negligible polydispersity. These fluorescence 

spectroscopy results are consistent with the DLS, cryo-TEM, and prodan fluorescence 

spectroscopy data, indicating a system dominated by micelles at pH 8.0.

Molecular Dynamics Simulations

In order to gain more insight into the properties of aggregate structures formed from 

rhamnolipids, computer simulations were employed. Experimental results provide ensemble 

measurements of static properties. In order to elucidate the dynamic nature of rhamnolipid 

aggregates, we embarked on a MD investigation of micelle formation and structural 

evolution. Table S3 presents the list of systems studied in this work, comprising 10–100 

molecules of the most common congener in the native mRL mixture, the Rha-C10-C10, in 

their anionic state. This range of monomer numbers was chosen as one that bracketed the 
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range of possibly reasonable structures based on existing experimental evidence. A 

simulation box of size 10 × 10 × 10 nm3 was used to solvate the Rha-C10-C10 molecules. 

An initial starting structure for the aggregate is needed; simply beginning MD simulations 

on the monodisperse solution will not result in the formation of micelles or other aggregates 

in accessible computational times, and so another approach is needed. Simulated annealing 

was used to create all starting structures as described in the Experimental Section. 

Computations were started from an initial configuration of the Rha-C10-C10 molecules 

homogeneously solvated in the simulation box. The cycles of heating and cooling described 

above formed the initial aggregates. The aggregates were equilibrated by constant 

temperature MD with the equilibrium condition identified by stable total energy and 

temperature. A production run was performed on the fully equilibrated system to analyze the 

properties of the aggregates formed.

Aggregation Number

Table 2 presents the size of aggregates formed in each system considered in the simulation. 

More than one starting system was considered for 20, 25, and 30 Rha-C10-C10 molecules to 

ensure that final aggregation is not dependent on starting state and to find the most probable 

aggregates as a function of monomer number. The smallest aggregate size observed is N = 7. 

The most prevalent aggregate sizes are ~20–25. Systems consisting of 40, 70, and 80 Rha-

C10-C10 molecules form aggregates of sizes 39, 55, and 44, respectively, in addition to 

smaller aggregates and monomers. The largest system with 100 Rha-C10-C10 molecules 

forms smaller aggregates of ~25 monomers, and further simulations show that all smaller 

aggregates (those formed by <25 monomers) interact with each other in such fashion as to 

merge to form a larger aggregate. These observations suggest that an aggregation number of 

~25 is the most probable micelle, in agreement with the experimental observations of critical 

aggregation number reported above. Representative structures of aggregates composed of 

25, 39, 55, and 95 monomers are shown in Figure 5.

Micelle Size

A characteristic measurement of the micelle size is its radius, rm. The radius of the micelle 

can be calculated using the following equations:

(8)

(9)

where Rg is the radius of gyration and ⟨r⟩ is the mean distance of the heavy atoms (ri) from 

the micelle center of mass (COM). Rg is defined as the root-mean-square distance of the 

object’s parts from its center of mass. Figure 6 presents the calculated rm (with error bars) 

for all micellar aggregates by taking the average over all frames. Such calculations are 
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necessary because as the snapshots in Figure 5 demonstrate, these Rha-C10-C10 micellar 

aggregates are far from spherical and highly dynamic in shape. These data show that the 

largest aggregate has a radius of ~4.0 nm and the smallest micelles have a radius of ~1.0 nm. 

It should be noted that these values are an average of radii across the ensemble of aggregate 

structures, and it is unclear from these calculations alone whether these aggregates take on a 

spherical or ellipsoidal shape. In total, the size of these micelles is generally consistent with 

the DLS results reported above in which the vastly predominant aggregate has a 

hydrodynamic radius (Rh) of 2–3 nm.

Micelle Shape

The shape of the micelle can be characterized by examining the eccentricity (e), defined as

(10)

where Imin is the moment of inertia along the x-, y-, or z-axis with the smallest magnitude 

and Iavg is the average of all three moments of inertia. Figure S12 shows the eccentricity as a 

function of simulation time for all micellar aggregates. For a perfect spherical object, the 

value of e is zero, so deviation from sphericity can be quantified by examining the 

eccentricity in addition to visual inspection of system snapshots. It is evident from the 

results that the eccentricity of the 7-monomer aggregate is less stable in shape over the 1 ns 

period of the simulation, suggesting it acts as a premicellar aggregate. Aggregates formed 

from N ≥ 20 Rha-C10-C10 molecules can be classified as stable micelles, since they show 

modest deviation in eccentricity over this time period. The eccentricity data show further 

that 20, 25, and 29 molecules form aggregates close to spherical in shape.

The next biggest aggregate of 39 monomers is more of an ellipse. At higher concentrations, 

the aggregate shape predicted by the Tanford model is an elongated ellipsoid, which grows 

primarily along one direction. These trends are clearly evident in the representative 

structures shown in Figure 5 and are consistent with the Nagg values deduced from 

fluorescence quenching measurements as described above.

The structures shown in Figure 5 indicate that the alkyl chains are relatively disordered, 

likely due to their restricted motion because of their linkage via the ester group. This is 

especially true of the larger structures that are expected to be most representative of 

emerging lamellar properties. In general, lamellar structures of amphiphilic molecules are 

reasonably well ordered in which the alkyl chain axes are all parallel to each other and 

perpendicular to the lamellar axis. In contrast, the larger structures exhibit alkyl chains that 

appear oriented in relatively random directions, albeit in largely all-trans configurations.

Accessible Surface Area

Structural properties of these micelles can be analyzed by quantifying the accessible surface 

area (ASA) according to the method of Lee and Richards.68 In this technique, with all water 

molecules removed from the system, a probe molecule is rolled across the surface of the 

micelle and the contact area summed to quantify the total accessible area. A 1.6 Å diameter 
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theoretical probe was utilized in order to mimic a water molecule. With this method, it is 

also possible to separate the contact area contribution from the hydrophilic headgroup and 

the hydrophobic tails. The results of this analysis are presented in Figure S13. For the 

micellar aggregates, the ASA of the hydrophilic group exposed to water is about ~4 times 

more abundant than the hydrophobic group, indicating that little of the hydrophobic micellar 

core is exposed to water (but critically, it is not zero). An additional analysis that analyzes 

the radial number density of various components from the micelle’s COM is shown in 

Figure S14; this analysis also suggests very slight interaction of the hydrophobic core with 

water. Thus, only minor penetration of water into the hydrophobic core of these aggregates 

occurs, largely due to the dynamic nature of the hydrophilic surface of the micelle.

In the case of the premicellar aggregate with N = 7, the ASA of the hydrophobic group 

exposed to water is ~50% of the hydrophilic group exposed to water. This highlights the 

loose packing of the premicellar aggregate with easy water access to the hydrophobic core. 

This behavior is consistent with the behavior of the prodan emission maximum reported 

above in the mRL concentration regime in which premicellar aggregates predominate (i.e., 

<7.5 mM). It should be noted that the ASA per molecule decreases with an increase in 

aggregate size, likely due to closer packing of both the Rha-C10-C10 headgroups and the 

alkyl chains. An interesting observation is that the ASA becomes constant from N ~ 55 to 

95, which suggests that additional monomers are added in this regime with an insignificant 

change in size. This could only be accommodated by an increase in packing order of Rha-

C10-C10 molecules, although none of our experimental measures to date are sensitive 

enough to validate this assertion.

Conformational Preference

To understand the importance of the hydrophobic tails in the formation of aggregates, the 

average tail length, the average distance between the terminal carbon atom of a single alkyl 

chain and the sixth carbon from it, was calculated for each chain separately in all frames 

along the trajectory and plotted (Figure S15). For all aggregates, the average tail length is 

~6.8 Å, with no strong dependence on aggregate size observed. This value is slightly less 

than the 7.6 Å expected for a linear alkane of this length in an all-trans conformation, 

suggesting some slight twisting along the chain axis.

The intramolecular hydrogen bonding distance between the carboxylate and rhamnose 

groups was also measured to understand the conformational preference of Rha-C10-C10 in 

aggregates. The carboxylate oxygens were chosen as hydrogen bond acceptors, and the 

hydroxyl hydrogens of the rhamnose group were hydrogen bond donors. All possible 

hydrogen-bonding combinations consistent with these definitions were considered, and the 

shortest distance of each monomer was used for the purposes of this analysis. Figure 7 

shows the distribution of the intramolecular hydrogen bonding distances of all molecules for 

three micelle sizes. The region of intramolecular distances of ~6 to 10 Å for anionic Rha-

C10-C10 is more populated than a second, narrower peak in the distribution between ~10 

and 13 Å. These data indicate that the probability of the partially folded conformation is 

higher in micelles than the open and the fully folded conformations.
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This observation is not true in the case of a single Rha-C10-C10 molecule; gas phase 

quantum chemical calculations on the open and folded conformations of Rha-C10-C10 

showed that the folded conformation is more stable than the open conformation by 25.8 

kcal/mol. The density functional theory (DFT) calculated structures and relative energies are 

shown in Figure S16.

Hydrogen-Bonding Interactions

Rha-C10-C10 molecules have polar carboxylic, hydroxyl, and ester moieties that have a 

tendency to form intra- as well as intermolecular hydrogen bonds (H-bonds). Given that both 

hydrophobic and hydrophilic interactions are expected to be major factors in micellar 

aggregate stabilization in these systems, the numbers of intra- and intermolecular (H-bonds) 

within and between Rha-C10-C10 molecules were calculated to elucidate the role of H-

bonds in stabilization of these micelles. H-bonds were identified using the cutoff conditions 

that H-bond distances with oxygen are ≤3.5 Å, and H-bond oxygen–oxygen–hydrogen 

angles are ≤30°. Figure 8 presents the average intermolecular H-bonds per surfactant for all 

the aggregates. It is interesting to see that premicellar aggregates of N = 7 have only 0.3 H-

bonds per molecule. However, this value gradually increases with increasing numbers of 

monomers in the aggregates, which supports the observation from Figure S13 that the 

headgroups are packed more closely in larger aggregates. The calculated average number of 

H-bonds per Rha-C10-C10 in each aggregate is ~0.5 H-bonds per molecule for N = 20 and 

25 and ~0.7 H-bonds per molecule for N = 29, 44, 55, and 95. The N = 39 aggregate has the 

highest value of 0.9 H-bonds per molecule.

It is further observed that intramolecular H-bonds are few in number compared to 

intermolecular H-bonds. Therefore, the dominant form of H-bonds in the aggregates is 

intermolecular supporting the assertion that the head groups are not arranged randomly 

across the surface of the aggregate, but instead form H-bonded chains that help stabilize the 

structure.

Micelle–Water Interfacial Region and Water Penetration into Micelle

The nature of interaction between micelle and bulk water can be studied by investigating the 

interface between them. Figure 9 shows radial density plots for water constructed by 

calculating the distance of water molecules from the micelle center of mass (COM) and 

counting the number of water molecules in 0.1 Å wide shells around the COM. It can be 

seen that radial density of water appears much closer to the COM and reaches the maximum 

most sharply for premicellar aggregate N = 7. However, water density in the micellar 

aggregates starts to appear at ~10 Å from the COM and takes a longer distance to reach the 

maximum than in the premicelle. This behavior is strong proof that the hydrophobic core is 

densely packed and relatively impermeable to water. It is also seen that the nearly spherical 

aggregates (N = 20, 25, and 29) have radial densities that all rise with a similar slope, 

becoming constant much closer to the COM than in ellipsoidal aggregates (N = 39, 44, and 

55). This observation is easily rationalized on the basis that ellipsoidal aggregates are not 

symmetric; therefore, the water radial density approaches a constant value only after 

reaching the long axis distance.
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Additional insight into the interfacial distribution of Na+ at the aggregate–solution interface 

is described in the Supporting Information. Figure S17 shows radial distribution plots for 

Na+ relative to the carboxylate and rhamnose hydroxyl groups, and Figure S18 shows 

representative structures defining the range of Na+–monomer interactions.

CONCLUSIONS

This work represents a detailed, systematic exploration of the early stage aggregation 

behavior of mRLs. The results show that the solution aggregation behavior of mRLs is 

surprisingly complex. Purified native mRL produced by P. aeruginosa ATCC 9027 in its 

anionic state exhibits a critical aggregation concentration (CAC) of 201 μM, but at this 

concentration, only premicellar aggregates form; fully formed micelles do not form until 

mRL concentrations >7.5 mM are reached. At pH 8.0, micelles predominate in solution at 

all concentrations between the CAC and 100 mM, becoming increasingly elongated and/or 

lamellar as their size and monomer number steadily increase with mRL concentration. These 

fully formed micelles have a critical aggregation number of 26 monomers/micelle based on 

fluorescence quenching measurements.

The microenvironment of these micelles was probed using the polarity-sensitive pyrene and 

prodan fluorescent dyes. The results of the studies using pyrene confirm environments that 

are typical of premicelles at mRL concentrations <7.5 mM and micellar environments >7.5 

mM. The spectral response of prodan confirms the dominance of micellar structures at all 

mRL concentrations at pH 8.0.

Molecular dynamics simulations on the most abundant congener of the mRL mixture, Rha-

C10-C10, indicate the formation of stable mRL aggregates of varying sizes ranging from 7 

to 95. Aggregates with N = 7 are taken to be the most stable premicellar structure. The most 

frequently observed micellar aggregate has an aggregation number of ~25 monomers/

micelle, which is in agreement with the critical aggregation number determined with 

fluorescence measurements. The calculated radii of these aggregates support the 

experimental observations from DLS. The differentiation of the premicellar and micellar 

aggregates is further supported by the accessible surface area results. These simulations have 

also confirmed an average hydrophobic tail length for all aggregates and multiple 

conformations of the headgroup in more disordered aggregate structures than are generally 

observed. An analysis of hydrogen bonding confirms that intermolecular hydrogen bonding 

plays a significant role in stabilizing these aggregate structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Molecular structure of (a) (R,R)-Rha-C10-C10 and (b) (R,R)-Rha-Rha-C10-C10.
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Figure 2. 
(a) Normalized prodan fluorescence spectra and (b) prodan λmax values as a function of 

mRL concentration at pH 8.0. Prodan concentration 250 nM; λex = 340 nm. Error bars on 

λmax values represent standard deviations from three independently prepared samples.
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Figure 3. 
(a) Normalized pyrene fluorescence spectra and (b) pyrene III/I intensity ratios as a function 

of mRL concentration at pH 8.0. Pyrene concentration 250 nM; λex = 340 nm. Error bars on 

III/I intensity ratios represent standard deviations from three independently prepared 

samples.
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Figure 4. 
Nagg values from steady-state fluorescence (black squares) and time-resolved (red circles) 

fluorescence quenching of pyrene with BP as a function of mRL concentration in 10 mM 

phosphate buffer at pH 8.0.
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Figure 5. 
Representative structures of aggregates composed of (a) 25, (b) 39, (c) 55, and (d) 95 

monomers. Water omitted for clarity. C atoms are green, H atoms are white, and O atoms are 

red. Aggregates 25, 39, and 55 are shown in two views. The 95-mer aggregate structure is 

shown at two different simulation times.
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Figure 6. 
Calculated radii (with error bars) of all aggregates observed in the simulations. Radii chosen 

by averaging the maximum and minimum radius calculated for all structures along the 

trajectory for a given aggregate size.
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Figure 7. 
Conformational distribution of all the mRLs calculated based on the intramolecular distance 

between rhamnose group and carboxylic group for aggregates of (a) 25 molecules, (b) 55 

molecules, and (c) 95 molecules. The representative monomer structures corresponding to 

peaks at 7.7 and 11.6 Å are also shown.
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Figure 8. 
Average intermolecular hydrogen bonds per monomer for all the aggregates.
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Figure 9. 
Radial water density for all aggregates considered in this study.
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Table 2

Aggregation Information from Simulation

starting no. of Rha-C10-C10 molecules no. of Rha-C10-C10 molecules in aggregates observed

simulation 1 simulation 2 simulation 3 major aggregate sizes minor aggregate sizes

10 7 1s

20 20 20 20 7, 4, and 1s

25 25 25 20 and 25 5

30 30 30 20 and 29 10 and 1s

40 39 1

70 55 7, 4, 3, 2, and 1s

80 24 and 44 4, 3, 2, and 1s

100 95 1s
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