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Abstract

The rhamnolipids are a unique class of biosurfactants produced by the bacteria Pseudomonas 
aeruginosa. These molecules display a high level of surface activity as well as biodegradability. In 

this study nonionic dirhamnolipid was investigated by utilizing molecular dynamics simulation at 

the air–water interface as well as in bulk water. Detailed structural analysis is presented for both 

the interfacial simulations and the simulations in solution. A systematic comparison was made 

between our previous work on the monorhamnolipid at the air–water interface and in bulk water. 

The presence of a second rhamnose group in dirhamnolipid did not show any significant change in 

the aggregation at the air–water interface. An increase in the molecular weight resulted in the 

larger surface area per monomer for dirhamnolipid compared to monorhamnolipid at the air–water 

interface. However, aggregation of dirhamnolipid in bulk water was affected by the presence of a 

second rhamnose group. Dirhamnolipid aggregates into micellar structure around ~N22 which was 

lower than the monorhamnolipid aggregation number ~N40. The hydrophobic component of the 

dirhamnolipid was enhanced to balance the higher hydrophilic component. An increase in alkyl 

chain length has shown that the enhanced hydrophobic component supports the formation of 

micellar aggregates up to ~N30 and above, which was not observed in dirhamnolipid with a 

shorter alkyl chain length.
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1. INTRODUCTION

Surfactants are an important class of molecules that reduce the surface tension between two 

phases. Because of the remarkable ability to reduce repulsive forces between dissimilar 

phases, surfactants have become an integral part of the modern world. Some of the many 

applications where they may be found include cleaning products, cosmetics, 

pharmaceuticals, agriculture, enhanced oil recovery, wetting agents, paints, and emulsifiers. 

Although surfactants are a broad class of a number of molecules containing a hydrophilic 

and hydrophobic moiety, the majority of consumed surfactants are anionic molecules of 

anthropogenic origin.1 Because of this high usage, surfactants inevitably enter our 

wastewater where they eventually aggregate in our underground water resources and pose a 

risk for aquatic organisms.2 It was these limitations that motivated our work. The present 

paper focuses on a neutral surfactant molecule.

The question then naturally arises: are there more environmentally friendly, readily 

biodegradable surfactants? The answer lies in a class of molecules known as biosurfactants, 

or surfactants of biological origin. Since the characterization of the first biosurfactant 

“surfactin” in 1968,3 production of biological surfactants has become a multibillion dollar 

industry.4 Although there are many types of biosurfactants, our research has focused on the 

rhamnolipids, composed of a β-hydroxyalkanoyl-β-hydroxyalkanoate fatty acid connected 

through the hydroxyl in the β-position to the ester to one or two rhamnose sugar molecules 

(see Figure 1 for details).5 The great advantage of rhamnolipid surfactants is that they are 

produced naturally by the bacteria Pseudomonas aeruginosa and show great surface activity 

including low critical micelle concentrations. Up until now our group has performed 

extensive computational studies on the monorhamnolipid forms produced by this bacteria, 

but strains of Pseudomonas aeruginosa produce a heterogeneous mixture containing both the 

mono- (mRL) and dirhamnolipid (dRL) forms.6 In the present paper we study the 

aggregation properties of dRL to compare with the well studied mRL. Thus, the focus of this 

article is on the aggregation behavior of dirhamnolipid surfactants at the air–water interface 

and in solution.
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In this study, the nonionic forms of dirhamnolipid of alkyl chain length 10, 14, and 18 are 

investigated. We begin with an in-depth analysis of these surfactants at the air–water 

interface. Utilizing a simple energetic heuristic and comparing with our previous work on 

monorhamnolipid, we determine an optimal surface packing concentration. Throughout the 

interfacial section three concentrations are presented: a low surface concentration regime 

which falls below this optimal concentration, the optimal concentration, and a high surface 

concentration regime. These three regions illustrate the changes in conformation and 

packing as more surfactant monomers are placed at the interface. We have given various 

geometrical measurements as well as an analogue to NMR spectroscopic order parameters to 

detail the interfacial behavior.

The article also details the micellar behavior of these surfactants as they aggregate in water. 

We use the same three dirhamnolipid molecules for this section as well and present atomistic 

detail of the aggregates these molecules form. This section illustrates the effect that chain 

length has on the aggregation size of these molecules. We utilize geometrical arguments to 

determine the onset of micellization for a given aggregate as well as probe the fluxionality 

(the level of shape fluctuations) of a given aggregate.

2. SIMULATION METHODS

2.1. Molecular Dynamics Interface Simulation.

Force field parameters were first obtained for dRL-C10-C10, dRLC14-C14, and dRL-C18-

C18 by utilizing the CHARMM General Force Field7 and optimized according to the 

CHARMM force field8 to reproduce the properties of these surfactants at a high level of ab 
initio calculation. We have used this force field for our previous work on the nonionic and 

anionic forms of mRL and have found it to adequately reproduce experimental observations.
9,10 These include accurate aggregation numbers for a given surfactant as well as correct 

elucidation of interfacial behavior.11

Table 1 outlines the systems that were prepared to analyze the aggregation of dRL at the air–

water interface. All starting structures were prepared by utilizing the PACKMOL software 

package,12 and a water region of dimensions 60 × 60 × 150 Å3 was constructed by using 

17094 TIP313 molecules. The entire system stretches 340 Å in the z-direction to allow for a 

large gap between periodic images, and a surfactant monolayer was placed above and below 

the water region. Table 1 also gives the surface area per monomer for each system (SAPM). 

A schematic is outlined in Figure 3.

The size of the simulation box was kept constant across all simulations, and the 

concentration was modulated by changing the number of monomers at the interface.

Once an initial structure was prepared, the system was energy minimized. The systems were 

then heated to 300 K by using a Langevin thermostat14 over 300 ps. Following heating, the 

systems were equilibrated in the NVT ensemble with periodic boundary conditions. A cutoff 

for nonbonded interactions was set at 10 Å, and a switch function starting at 8 Å was 

employed for van der Waals interactions. The temperature was maintained at 300 K, and all 

bonds involving hydrogen atoms were constrained with the SHAKE algorithm.15 A time 

Luft et al. Page 3

J Phys Chem B. Author manuscript; available in PMC 2021 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



step of 1 fs was employed for all MD integration. Each system was allowed to equilibrate for 

30 ns under these conditions, and a final run of 5 ns was used for all subsequent analysis. We 

have found this to be sufficient time for the monomers to relax at the air–water interface.

2.2. Molecular Dynamics Simulation of Dirhamnolipid in Water.

The same parameters were used to simulate the micellar behavior in solution. An initial 

structure was built by randomly placing varying dRL monomers (from 10 to 100 by 

increments of 10) in a 100 × 100 × 100 Å3 cubic box once again using PACKMOL software. 

This setup was repeated for each of the three chain length dirhamnolipids investigated in this 

study. Each initial arrangement was then solvated with TIP3 water molecules ensuring at 

least 2.8 Å separation from the heavy atoms of dirhamnolipid. Upon solvation, the system is 

first energy minimized, followed by heating in the isobaric–isothermal ensemble (NPT) at 1 

atm. Micelle formation lies at the limits of the accessible time scales available to MD 

simulation, so simulated annealing16 was used to induce micelle formation. The annealing 

schedule was as follows: (i) the temperature is increased from 300 to 400 K in 200 ps, (ii) 

the system is equilibrated at constant pressure at 400 K for 800 ps, and (iii) the system is 

slowly cooled to 300 K. Upon the completion of the simulated annealing, aggregates begin 

to form. At this point, individual aggregates were identified, and the coordinates were used 

to prepare new systems to study the properties of these aggregates. The system is further 

equilibrated for 30 ns in the NPT ensemble utilizing the Nosé–Hoover Langevin barostat.17 

An additional 5 ns equilibration was used for the final analysis. All analysis was performed 

either with custom scripts in VMD18 or with the aid of the MDAnalysis software package.
19,20

3. RESULTS AND DISCUSSION

3.1. Simulation of DRL Surfactant at the Air–Water Interface.

Surfactant molecules will aggregate between two different phases and reduce the interfacial 

tension. Understanding the behavior at the interface is vital to providing insight into the 

efficacy of a given surfactant. Figure 4 shows the representative snapshots of simulated dRL-

C10-C10 surfactant at the air–water interface varying from a few to more molecules. In the 

text, dRL-C10-C10 will be referred as dRL and mRL stands for mRL-C10-C10. We have 

provided a detailed conformational analysis of both the hydrophobic alkyl chains as well as 

the hydrophilic rhamnose and carboxylic headgroups below.

3.1.1. Interface Formation Energy.—We may gauge the energetics of the monolayer 

system by determining the interface formation energy (IFE) for a given concentration.21 This 

is defined as the following:

IFE=Etotal − n × Esurfactant,single + Eair−water
n (1)

where Etotal is the energy of the entire system, Esurfactant,single is the energy of a single 

surfactant molecule determined by a separate MD simulation run in vacuum at the same 

temperature, and Eair–water is the energy of water box determined from its own MD 

simulation at the same temperature.
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Figure 5 presents the results of dRL at the air–water interface, and for comparison with 

mRL, previously published work from our group is also included. We first note that dRL 

shows a local minimum near a surface area per monomer (SAPM) of 90 Å2, whereas mRL 

has a local minimum near 80 Å2. We refer to this minima in the IFE as complete surface 

coverage concentration in the text. This observed difference in SAPM is to be expected since 

dRL contains an additional rhamnose group, thus increasing the overall volume of the 

molecule and the number of interactions. A smaller molecular weight of mRL leads to more 

densely packed interface compared to dRL. The result is a larger surface area per monomer 

for dRL at complete surface coverage compared with the mRL.

3.1.2. Surface Pressure–Area Isotherm.—The predicted surface pressure–area 

isotherms for dRL and mRL are depicted in Figure 6. The procedure to obtain surface 

pressure can be found elsewhere and references therein.22,23 The surface pressure of a 

monolayer is a more convenient quantity for direct comparison between molecular dynamics 

simulations and experimental data. The results indicate that mRL and dRL at the air–water 

interface have different pressure–area isotherms. The surface pressure decreases with 

increasing area per molecule systematically for mRL, and it is not the case with dRL. The 

bulkier dirhamnose headgroup of dRL is clearly playing an important role in closer packing 

at the surface.

3.1.3. Alkyl Chain Alignment.—Surfactant molecules are highly dynamic in nature at 

the interface and also in solution. To understand the dynamics at the interface, we begin with 

an in-depth analysis of the alkyl chains for mRL and dRL. The carbon–hydrogen order 

parameter is frequently used in deuterium or carbon-13 NMR experiments24 and gives a 

measure of the anisotropy of given carbon on a lipid chain. The order parameter may range 

from −0.5 to 1.0 where a value of unity corresponds to a fully extended lipid chain, and a 

value closer to −0.5 corresponds to a globular configuration. For our purposes it is defined as 

the following:

SCH = 1
2 3cos2θ − 1 (2)

where θ is the angle between a given C–H bond vector and the monolayer normal (z-axis in 

all simulations), and the angle brackets denote an average over the length of the trajectory 

and the ensemble of atoms. Results are plotted in Figure 7 for dRL at the complete surface 

coverage concentration, and for comparison results for mRL are also provided. We should 

note that although we refer to the chain lengths of mRL and dRL by the total number of 

carbons (10 in this case) in a given alkyl chain, the first three carbon atoms of each chain are 

not effectively part of the alkyl chain and therefore not used for order parameter analysis. 

Consequently, our indexing scheme begins with carbon number 4 for each chain.

Because of the asymmetric geometry of the dRL headgroup, the two chains behave rather 

differently. The first chain (chain 1) is positioned closer to the rhamnose headgroup while 

the second chain (chain 2) is both farther away from the rhamnose group and also restricted 

by the first chain. The order parameter reflects this as we observe chain 2 is initially more 

ordered than chain 1 for the lower indexed carbon atoms. Chain 1 is more closely coupled to 
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the fast dynamics of the water, and thus the lower indexed carbon atoms have order 

parameters close to zero. Qualitatively, we can understand this difference as a preference for 

chain 2 to remain more extended while chain 1 is more compacted. In the case of mRL the 

two alkyl chains behave similarly to a larger extent. Therefore, these results gives us a clue 

that the presence of a second rhamnose ring does have some effect on the orientation of the 

alkyl chain 1 in dRL.

3.1.4. Alkyl Chain Tilt.—A complementary analysis was performed on the tilt angles of 

the alkyl chains. This is accomplished by creating a vector between the base of the chain 

(carbon 4) and the terminal carbon. With this vector defined we may take the projection on 

the monolayer normal to determine the degree of tilt of a given alkyl chain. The angle data 

are presented in Figure 8. We observe that at complete surface coverage concentration the 

tilt angle of dRL is about 50° normal to the surface. On the other hand, mRL also shows a 

similar result. There is no significant difference between the tilt angle of chain 1 and chain 2 

in mRL as well as dRL. We could say that the presence of a second rhamnose group in dRL 

does not contribute to the tilt angle of the alkyl chains at the interface aggregation.25

3.1.5. Mass Density Profiles.—Analysis of the dirhamnolipid mass density along the 

z-axis was done utilizing the density profile plugin for VMD.26 The results of this analysis 

are presented for dRL in Figure 9, and for comparison with mRL results from our published 

work are also included.

We observe that mass density plots of dRL and mRL look very much similar from Figure 

9a,c. There is water separating the two interfaces; the hydrophobic components are above 

the water surface, and hydrophilic components are solvated to a larger extent. We have made 

an attempt to see how the solvation of various components of mRL and dRL differs at the 

complete surface coverage concentration. We have provided an enlarged version of the mass 

density plot focusing on one monolayer to gain insight into the effect of the second 

rhamnose group on the surface aggregation. It is observed that rhamnose 2 overlaps more 

with the bulk water than rhamnose 1. The only rhamnose group in mRL is hydrated to the 

same extent as rhamnose 2 in dRL. There are no significant changes in the position of alkyl 

chains 1 and 2. Similarly, the terminal carboxyl group has a better overlap with the solvent 

in mRL than dRL. These observations indicate that the second rhamnose group in dRL does 

have some effect on the aggregation at the interface, but it is not significant.

3.2. Headgroup Conformational Analysis.

The headgroup of a surfactant plays a critical role in its interfacial behavior as it is the main 

region of contact between the molecule and the solvent. Our group has previously examined 

the headgroup conformations of mRL. Using the same method outlined in our previous 

article, we measured the closest oxygen–oxygen distance between the terminal carboxylic 

acid and the hydroxyl oxygen on the rhamnose group (see Figure 10). It should be noted that 

we measured all possible hydrogen-bonding interaction distances and chose the shortest 

distance for discussion. Another point of interest is to see which of the two rhamnose rings 

prefers to interact strongly with the carboxylic group and what is the role of conformation of 

rhamnose–rhamnose. Figure 11 presents the headgroup conformations of dRL and mRL at 
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complete surface coverage concentration. It is clear from the figure (a) that rhamnose 2 

interacts more strongly with the carboxyl group than rhamnose 1. Rhamnose 2 forms 

intramolecular hydrogen bonds with the carboxyl group, thereby allowing the rhamnose 1 to 

either interact with water or neighboring monomers. In the case of mRL aggregation at the 

air–water interface, there are two headgroup conformations that compete with each other. 

This is slightly different in dRL wherein a closed conformation is highly preferred over an 

open conformation. This is clearly an effect of the presence of the additional rhamnose 

group in dRL.

The results of the above analysis led us to look at the conformations of two rhamnose rings 

in dRL. We studied the dihedral angle between the two rhamnose rings using rotation around 

the C–O bond connecting the two rings as depicted in Figure 10. This behavior is plotted in 

Figure 12. It is clear from the plot that the orientations of the two rhamnose rings are mostly 

populated around a dihedral value of ~80°. This could also be the dihedral angle between the 

two rhamnose groups corresponding to the intramolecularly hydrogen-bonded conformation 

of the headgroup shown in Figure 11a.

To put things together, structural properties of dRL do show some changes from mRL due to 

the presence of the additional rhamnose group. We also studied how the aggregation 

properties of mRL and dRL change in bulk water.

4. AGGREGATION PROPERTIES OF DIRHAMNOLIPID IN WATER

Detailed structural analysis was performed on dRL aggregates in water. Hydrophilic and 

hydrophobic components of a surfactant play crucial roles in the formation and stability of 

micellar structures. When compared to mRL, there is an increased hydrophilic component in 

dRL in the form of a rhamnose group. The present study aims to understand the aggregation 

properties of dRL and compare it with our previous study of the aggregation of mRL. We 

have also extended this study by increasing the hydrophobic component of dRL in the form 

of longer alkyl chains and observed the effect of micelle formation and stability. In the 

following section, results of dRL will be presented and compared with mRL as well as two 

longer alkyl chain derivatives of dRL, namely dRL-C14-C14 and dRL-C18-C18.

The difficulties associated with identifying a micellar aggregate are well-known. The time 

scale for the formation of micellar and larger vesicle aggregates are of the order of seconds 

to minutes. Simulations cannot be run that long to predict the size and shape of the 

aggregates. We have used the simulated annealing technique to overcome this difficulty. 

Second, these aggregates are constantly evolving as a function of time; smaller aggregates 

come together to form larger cylindrical, wormlike micelles and even larger unilamellar 

vesicles. It should be agreed that the probability of finding micellar aggregates of sizes 

presented in this article cannot be ignored. At larger scale, these smaller micelles do exist 

along with larger aggregates which are formed by the merging of small micellar aggregates. 

From our previous knowledge on monorhamnolipid aggregates in water and at the interface, 

which had strong experimental evidence, we focus our attention on the small aggregates of 

dirhamnolipid in this study. Herein we used the same methodology to distinguish an 
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aggregate as micelle or not. We also used simulated annealing followed by a simulation run 

for about 100 ns for all of the aggregates presented.

4.1. Aggregate Size.

The first property of note is the size of the aggregates produced for the different 

dirhamnolipid chain lengths. In Figure 13 we have plotted the radius of gyration for each of 

the aggregates observed in this study. It is clear from the figure that similarly sized 

aggregates in general have a radius of gyration proportional to the molecule’s chain length. 

More interestingly, dRL-C10-C10 showed a preference to form smaller aggregates across all 

simulations and concentration regions. This is evident from the plot in Figure 13a, which 

shows a lack of aggregates in the size region of N = 35−70 as denoted by the pink shaded 

region. While the longer alkyl chains produced aggregates in this region, dRL-C10-C10 

aggregates tended to break apart in this region, producing multiple smaller aggregates as 

shown in Figure 13a. At only the highest concentration regime were larger aggregates 

produced. The aggregates composed of dRL-C14-C14 and dRL-C18-C18 were not subject 

to this restriction and tend to grow with the concentration. This is a purely due to the 

increase in the hydrophobic component of the surfactant.

4.2. Aggregate Dynamics.

We can monitor the dynamics of individual aggregates over time with the following analysis. 

The eccentricity parameter (e) of an object is defined as

e = 1 − Imin
Iavg

(3)

where Imin is the principal moment of inertia with the smallest magnitude and Iavg is the 

average of all three principal moments of inertia. The parameter e provides a measure of the 

anisometry of an aggregate, with an e of zero corresponding to a spherical object. Although 

in principle stable aggregates could take on any value of e, smaller aggregates will have 

eccentricities that vary considerably in time. Figure 14 presents the eccentricity values 

calculated for dRL and two longer alkyl chain derivatives. While the blue color corresponds 

to less fluctuation of an aggregate, the red color corresponds to high fluctuation. It is evident 

from the plot that smaller aggregates of dRL show high fluxionality as they take on a wider 

range of e values than larger aggregates’ values. Increase in the alkyl chains does not help in 

reducing the fluctuation of smaller aggregates but definitely produces medium aggregates 

with less fluxionality. Therefore, the main conclusion from this section is that increasing the 

hydrophobic component of dRL allows the formation of medium-sized aggregates with less 

fluxionality.

4.3. Radial Distribution of Components.

The results of aggregate size and dynamics do not have the information about the 

classification of these aggregates as premicelle or micelle or larger structures. In this section 

we use radial density distribution of various components of surfactant to identity whether an 

aggregate is a true micelle or not. A proper micelle aggregate can separate and keep 

hydrophobic components shielded from unfavorable contacts with the bulk water while at 
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the same time keeping the hydrophilic headgroup solvated. We have extensively utilized a 

radial density plot to visualize the three-dimensional composition of each aggregate. In this 

analysis an aggregate is a sphere, and individual components are binned as a function of 

distance from the center of mass. The result is a smoothed two-dimensional histogram which 

allows for the visualization of components from the center of mass. It should be pointed out 

here that we started our simulations with a starting structure, where rhamnolipids were 

randomly distributed in water. As the simulation progressed, we observed that smaller 

aggregates were formed first which then evolved into larger aggregates with time. This 

section simply focuses on what aggregate size is better described as micelle. There is always 

the possibility that the aggregates discussed here will either break down into monomers or 

larger aggregates.

Figure 15 presents the radial density plot of three representative aggregates of dRL, with 

aggregation numbers N7, N15, and N22 along with a picture of the aggregate. It is clear 

from the plot that N7 is not a micelle as there is water density overlapping the hydrophobic 

components. However, a larger aggregate N14 shows a slightly better separation of water 

from the hydrophobic core. There is at least ~5 Å distance from center of mass of the 

aggregate that is devoid of water density. The hydrophobic and hydrophilic components 

overlap to a larger extent, and hence it does not make a proper micelle. The situation is much 

better in the case of the N22 aggregate. The shape is also nearly spherical. There is a 

hydrophobic core of about ~8 Å distance from the center of the aggregate, a better 

separation between hydrophobic and hydrophilic components. Therefore, it could be said 

that dRL aggregates into micelles in water near the aggregation number N22. Looking at the 

aggregates that are above and below N22, they are merely the interaction of monomers, and 

there is no clear separation of hydrophilic and hydrophobic components. This observation 

clearly indicates that there is an imbalance between the hydrophilic and hydrophobic 

components of dRL to form micelles larger than N22. The presence of an extra rhamnose 

group in dRL is the reason for this aggregation behavior. So we engineered the balance 

between hydrophobic and hydrophilic components in dRL by increasing the alkyl chain 

length from C10-C10 to C14-C14 and C18-C18. It should be noted that in our previous 

study we have shown that nonionic mRL prefers to form aggregates of approximate size N < 

40.11,27

The effect of increasing the hydrophobic density on the aggregation property was studied by 

looking at aggregates of similar size for dRL-C10-C10, dRL-C14-C14, and dRL-C18-C18. 

We have plotted the radial density of components for three large aggregates for all chain 

lengths in Figure 16. It can be seen from the figure that N32(dRL-C10-C10) does not clearly 

separate the hydrophobic and hydrophilic components, and the change in the water density 

near the surface of the aggregate is not sharp. The image of the aggregate also looks 

cylindrical. An increase in the alkyl chain length does seem to work well as seen from 

N33(dRL-C14-C14) and N32(dRLC18-C18) aggregate plots and images. There is a clear 

separation of hydrophobic and hydrophilic density, and the hydrophobic core is devoid of 

water for about ~10 Å from the center. The snapshot shows that the aggregate is more 

spherical. In fact, the C18–C18 aggregate is better than C14–C14 in terms of the radial 

density plots. The hydrophobic and hydrophilic distributions are sharp and clearly separated 

from each other. Therefore, we can conclude that increasing the hydrophobic density of dRL 

Luft et al. Page 9

J Phys Chem B. Author manuscript; available in PMC 2021 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



re-forms micellar aggregates near N30 which were absent. Note also that the radial 

distribution plot for dRL-C10-C10 N32 is nonideal since this structure has become 

elongated along a principal axis.

4.4. Micelle Shape.

The radius of gyration tensor contains useful information regarding the shape of the 

observed aggregates as well. We have used the classification scheme presented by Daful et 

al.28 in our previous work and briefly describe it here. By constructing the radius of gyration 

tensor for each aggregate, upon diagonalization, it will yield three principal moments R1,2,3 

which are then ordered such that R1 > R2 > R3. The ratios of these eigenvalues will uniquely 

classify the shape of the aggregate as a sphere, disk, or cylinder. In the case of this study, all 

of the different dirhamnolipid molecules undergo a change in aggregation shape upon 

increase in concentration. This is presented in Table 2 and shows the preference to form 

spherical aggregates at small aggregation number for all three molecules. dRL-C10-C10 in 

particular tends to form smaller spherical aggregates before growing to larger cylinders 

which tend to fracture. Only at very high concentrations are these aggregates found in larger 

cylindrical micelles. Both dRL-C14-C14 and dRL-C18-C18 are strictly spherical before 

undergoing a change to a cylindrical aggregate at a size of ~55 monomers.

5. CONCLUSIONS

Detailed molecular level knowledge of surfactant behavior at the interface and in solution is 

critical toward the design of better surfactants. Rhamnolipids and their complex structure 

offer a rich avenue for investigation, and molecular dynamics simulations enable us to probe 

structural information. From this detailed analysis we have offered insight into the 

aggregation properties of a less investigated dirhamnolipid and provided possible 

comparisons with aggregation properties of a well-studied monorhamnolipid.

Dirhamnolipid surfactants aggregate at the interface similar to monorhamnolipid 

aggregation, with a slightly higher surface area per molecule value because of its higher 

molecular volume. The two alkyl chains of dirhamnolipid show different conformational 

preferences. It is observed that one of the chains is more elongated than the other. We do not 

observe this behavior in monorhamnolipid, and it could be attributed to the presence of a 

second rhamnose ring. Further analysis reveals no significant difference in the tilt angle of 

the alkyl chain with respect to the surface. Mass density profiles of various hydrophilic and 

hydrophobic components of the dirhamnolipid show very little change from 

monorhamnolipid. The intramolecular hydrogen-bonding distance was measured to predict 

the headgroup conformations of dirhamnolipid. These results show that the presence of a 

second rhamnose ring has significant change in the major conformations. While there are 

two competing headgroup conformations in monorhamnolipid, there is only one dominating 

headgroup conformation in dirhamnolipid. The second rhamnose group which is farther 

from the terminal carboxyl group does not have the possibility to form intramolecular 

hydrogen bonding with carboxyl group. The analysis also shows that the two rhamnose rings 

are controlled by a dihedral angle of 80° measured along the rotation of the C–O bond 
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connecting them. These structural properties of dirhamnolipid at the interface are not very 

different from monorhamnolipid.

Interestingly the aggregation of dirhamnolipid in water is significantly different from 

monorhamnolipid. In comparison to the monorhamnolipid-C10-C10 which was found to 

prefer to form micellar aggregates of size N ≤ 40, the dirhamnolipid-C10-C10 forms 

micellar aggregates of size N ≤ 22. Although we observed aggregates of size smaller and 

larger than N22, they are not micelles as evidenced by the radial density plots of the various 

components. This is to be expected as the larger headgroup requires greater solvation than 

the monorhamnolipid form and should drive the mean aggregation number down. Increasing 

the alkyl chains mitigates this burden and allows for the formation of aggregates across a 

larger variety of sizes. It is clear from the results that increasing the hydrophobic component 

in the form of dirhamnolipid-C14-C14 and dirhamnolipid-C18-C18 shows micellar 

aggregates larger than N22. The radial density plots show clear separation of hydrophobic 

and hydrophilic components and the hydrophobic core devoid of any water molecules. We 

could observe large aggregates that are spherical and cylindrical in shape. This study shows 

that dirhamnolipid is lacking the hydrophobic component that creates a balance between 

hydrophilic and hydrophobic density to form micellar aggregates. We have also shown that 

engineering the hydrophobic component of dirhamnolipid could make it an effective 

surfactant in bulk water.

To conclude, molecular dynamics is a direct approach to observing the aggregation 

structures formed by a surfactant in the presence of water. Because of the presence of both 

the monorhamnolipid and dirhamnolipid in nature, it is important to have fundamental 

understanding of structure and aggregation properties of both of these molecules. The 

presence of one rhamnose group and shorter alkyl chain is adequate for monorhamnolipid to 

form spherical and cylindrical micellar aggregate in water. A second rhamnose group in 

dirhamnolipid creates an imbalance between hydrophilic and hydrophobic components, 

resulting in the limitation to form micellar aggregates in water. Elongation of the alkyl 

chains in dirhamnolipid recreates the balance between hydrophobic and hydrophilic groups, 

and hence dirhamnolipid forms spherical and cyclindrical micellar aggregates in water. 

These structural differences in mono- and dirhamnolipid have no significant effect on the 

aggregation at the air–water interface.
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Figure 1. 
Structures of (a) dRL-C10-C10 and (b) mRL-C10-C10, two common forms of rhamnolipid 

produced by Pseudomonas aeruginosa.
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Figure 2. 
Structure of the dirhamnolipid molecules studied in this work. The molecules are the same 

but differ in chain length such that n = 1 for dRL-C10-C10, n = 5 for dRL-C14-C14, and n = 

9 for dRLC18-C18. Different components are circled as the shorthand is used to refer to 

individual components of the surfactant in subsequent sections.
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Figure 3. 
A starting configuration to determine interfacial properties is given as two monolayers 

separated by a large water region and vacuum across the boundary in the z-direction. Note 

that periodic boundary conditions are used in each dimension; image not drawn to scale.
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Figure 4. 
Snapshots of the dRL monolayers at different surface coverages. dRL are shown as VDW 

spheres, and water molecules are shown as smaller tubes. SAPM values are given in Å2. It 

should be noted that there is a vacuum of length 157 Å above the surfactant, making sure 

that the monolayers are separated long enough.
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Figure 5. 
Interface formation energy for (a) mRL and (b) dRL as a function of surface area per 

monomer (SAPM). All the points are shown for dRL, and the inset picture shows a clear 

minimum near 90 Å2. The downward arrow indicates the point that corresponds to the 

complete surface coverage concentration.
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Figure 6. 
Pressure–area isotherms for mRL and dRL at the air–water interface.
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Figure 7. 
Carbon–hydrogen order parameter presented for (a) dRL and (b) mRL. Results are given for 

complete surface coverage concentration (SAPM = 90 Å2).
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Figure 8. 
Tilt of alkyl chains with respect to the monolayer normal for (a) dRL and (b) mRL. Results 

are given for complete surface coverage concentration (SAPM = 90 Å2).
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Figure 9. 
Mass density plots for (a) dRL and (c) mRL aggregation at the air–water interface. Plots (b) 

and (d) are enlarged versions of the same figures to the immediate left. See Figure 2 for the 

molecular components that are referenced.
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Figure 10. 
Cartoon representation of all possible intramolecular hydrogen-bonding interactions 

between carboxyl group and rhamnose group in mRL and dRL. Red and blue dotted lines 

depict the H-bonds of carbonyl oxygen and hydroxyl oxygen of carboxyl group, 

respectively. The figure also depicts the dihedral angle used to study the dRL rhamnose–

rhamnose configuration.
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Figure 11. 
Comparison of headgroup conformations of mRL and dRL at the air–water interface. 

Representative structures of closed and open conformations of dRL are shown in (c).
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Figure 12. 
Distribution of rhamnose 1–rhamnose 2 dihedral angle obtained from dRL aggregation at the 

air–water interface.
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Figure 13. 
Magnitude of the radius of gyration as a function of aggregate size for (a) dRL-C10-C10, (b) 

dRL-C14-C14, and (c) dRL-C18-C18. Error bars drawn as the standard deviation for the 

trajectory data. The pink shaded region represents the lack of aggregation of dRL-C10-C10.
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Figure 14. 
Eccentricity values for each aggregate over the length of the analysis trajectory.
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Figure 15. 
Radial distribution of components from various sized aggregates for dRL-C10-C10. The 

corresponding snapshot of the aggregate is provided on the right side of each plot.
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Figure 16. 
Radial density plots for aggregates with similar aggregation numbers but increasing chain 

lengths.
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Table 1.

System Setup for Surfactant Monolayer Simulation
a

no. DRL water molecules initial box size (Å × Å × Å) SAPM (Å2)

10 17094 60 × 60 × 340 360

20 17094 60 × 60 × 340 180

25 17094 60 × 60 × 340 144

30 17094 60 × 60 × 340 120

35 17094 60 × 60 × 340 102.9

37 17094 60 × 60 × 340 97.3

39 17094 60 × 60 × 340 92.3

40 17094 60 × 60 × 340 90

42 17094 60 × 60 × 340 85.7

44 17094 60 × 60 × 340 81.8

45 17094 60 × 60 × 340 80

47 17094 60 × 60 × 340 76.6

49 17094 60 × 60 × 340 73.5

50 17094 60 × 60 × 340 72

52 17094 60 × 60 × 340 69.2

55 17094 60 × 60 × 340 65.4

60 17094 60 × 60 × 340 60

65 17094 60 × 60 × 340 55.4

70 17094 60 × 60 × 340 51.4

a
The same parameters were used for DRL surfactants of chain length C10-C10, C14-C14, and C18-C18. Note that the water region was the same 

for all simulations and that the concentration was changed with the addition of monomers. SAPM = surface area per monomer.
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