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Molecular Dynamics Study of Micelles Properties According to their Size.
Abstract
Surfactants are molecules able to spontaneously self-assemble to form aggregates with well-defined properties, such as spherical micelles, planar bilayers, cylindrical micelles or vesicles. Micelles have notably several applications in many domains, such as drug delivery or membrane protein solubilization. In this context, the study of micelle formation in relation with the structural and physico-chemical properties of surfactants is of great interest to better control their use in the different application fields.
In this work, we use the MD approach developed by Yoshii et al. and extend it to surfactants with different structures. We aim to systematically investigate different micellar properties as a function of the aggregates size by a molecular dynamics approach, to get an insight into the micellar organization and to collect some relevant descriptors about micelle formation. For this, we perform short MD simulations of preformed micelles of various sizes and analyze three parameters for each micelle size, namely the eccentricity of the micelles, the hydrophobic/hydrophilic surface ratio and the hydrophobic tails hydration. If these parameters are known descriptors of micelles, they were not yet studied in this way by MD.
We show that eccentricity, used as “validator” parameter, exhibits minimal values when the aggregate size is close to the experimental aggregation number for surfactants that are known to form spherical micelles. This hence indicates that our methodology gives consistent results. The evolution of the two descriptors follows another scheme, with a sharp increase and decrease, respectively, followed by a leveling-off. The aggregate sizes at which this stabilization starts to occur are close to the respective aggregation number of each surfactant. In our approach, we validate the use of these descriptors to follow micelle formation by MD, from “simple” surfactants to more complex structures, like lipopeptides. Our calculations also suggest that some peculiar behavior, like that of TPC, can be highlighted by our approach.
In the context of peptidic surfactants, our methodology could further help to improve computer simulations combined to molecular thermodynamic models to predict micellar properties of those more complex amphiphilic molecules.
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Introduction
Surfactants are able to lower surface or interfacial tension by adsorbing at the air-liquid or liquid-liquid interface due to their dual hydrophobic/hydrophilic structure. Their amphipathic nature is also responsible for their aggregation behavior in bulk aqueous phase. Above a critical concentration, surfactants spontaneously self-assemble to form aggregates with well-defined properties, such as spherical micelles, planar bilayers, cylindrical micelles, vesicles… In spherical micelles, polar heads are hydrated at the micellar surface while hydrophobic tails form an oily core to avoid contacts with water. These micelles have several applications in many domains, among which detergency is the best known. Their oily core is hence able to solubilize hydrophobic compounds within the micelle, making them readily washed by water. Similar processes are also used in fields like drug delivery [1] or solubilization of membrane proteins [2].
Characterization of micelles structure and formation is of great interest to better control their use in the different fields of applications. Properties such as Critical Micelle Concentration (CMC) [3], aggregation number [4], diameter [5] and shape [6] of surfactant micelles have been widely investigated. Conventional experimental methods for micelle study include dynamic light scattering [7], small-angle (X-ray or neutron) scattering [5], fluorescence quenching methods [4] and cryo-TEM [8].
Other works focused on energetic issues of micelle formation, giving a more theoretical insight into the topic [9]. Starting from these theoretical considerations based on thermodynamics, some authors have built models for the prediction of micelles properties [10–12]. The common approach relies on the estimation of the free-energy change associated with the micellization. This free-energy change is calculated as the sum of free-energy contributions originating from different phenomena. Once the free-energy change associated with micellization is estimated [13], it becomes possible to predict various properties of the aggregate, such as the CMC, the micellar shape and the aggregation number.
Initially, the input data were limited to parameters derived from molecular structures and experimental results [12]. More recently, molecular dynamics (MD) was used to improve molecular-thermodynamic (MT) models for surfactants for which hydrophilic and hydrophobic regions are not easy to distinguish [14,15]. Because of its ability to simulate phenomena at the atomic scale on very short time periods, MD has become a popular way to study micelles.
Apart from its combination with MT models to predict micellar properties, most of MD studies on micelles are descriptive. Part of those studies focuses on the structure of preformed micelles to compute a series of physical properties (diameter, eccentricity, solvent accessible surface area…) of a surfactant for which the aggregation number is already known [16–27]. The micelles are simulated with a starting structure as close as possible from their natural form. By using MD, their atomic structure becomes accessible, and their organization under different conditions can be studied. Bruce et al. [16], for example, built a micelle made of 60 SDS molecules (i.e. the aggregation number for SDS) and used it as a starting structure for their MD simulation. From the 5ns trajectory, they computed properties such as eccentricity and micelle radius and they discussed about the micelle structure and counterions distribution. MD was thus used as a new tool to study a precise system without taking into account its formation. Another kind of works aims to study the phenomenon of micelle formation. Usually, the simulation starts from a disperse solution of tensioactive molecules to analyze their aggregation behavior [28–33]. It is then complicated and computationally expensive to set proper initial conditions with respect to the box dimensions and the simulation time that have to be large and long enough, respectively. In addition, it might be tricky to determine when the system reached an “equilibrium”. As an example, Sammalkorpi et al. [30] performed 200 ns simulations starting from boxes containing 200 SDS molecules randomly dispersed and filled with water molecules and 200 Na+ ions. They studied the auto-assembly of SDS monomers and its kinetics, as well as the structure of the aggregates that were formed. It gave them interesting insight into the micellization process, but they were restricted by the computational cost that auto-assembly simulations require: the time window was too small to predict definite micelle size and they could not perform relevant simulations of dilute systems.
By performing short MD simulations of preformed SDS micelles of various sizes, Yoshii et al. [34] were able to study structural stability of SDS micelles as a function of their size at relatively low computational cost. Each simulation box contained a different number of SDS molecules forming a spherical micelle surrounded by water as a starting structure. They studied 15 micelle sizes, ranging from 1 to 121 molecules, and analyzed parameters such as radial density profile for each one. By combining the data obtained for every simulation box, it becomes possible to study the impact of micelle size on structural stability. It also allows to extrapolate about the phenomenon of micelle formation since each simulation box can be seen as a transient state of surfactants aggregation. For example, the low-density region described by Yoshii et al. in the center of micelles containing more than 61 SDS molecules brought them to conclude that this instability factor makes the existence of large aggregates unfavorable.
In the present work, we studied the micelle formation for several surfactants with different structures and properties, namely Sodium DodecylSulfate (SDS), Sodium OctylSulfate (SOS), TetraDecyl Phosphocholine (TPC) and surfactin (a lipopeptide molecule) in a systematic manner, similar to Yoshii et al.’s methodology. By doing so, we wanted to explore the behavior of various surfactants micelles as a function of their size, and determine if extrapolations about micellization process are accessible for different surfactants, including more complex ones such as surfactin, with this type of approach. We used parameters commonly found in MD studies on micelles, but not yet used for such a purpose.
The evolution of the calculated parameters is analyzed as a function of the micellar size. Eccentricity is used to validate our approach while the hydrophobic/hydrophilic surface ratio and the hydrophobic tails hydration are considered as descriptors for micelle formation process.  The description of the results focuses on their significance for the micelle formation, with specific attention given to the aggregation number of each surfactant. This structural information is complementary to MT models that are used to predict micellar properties since our approach brings descriptive details that are not given by MT approaches. In the case of surfactin, for which the current MT models could be less accurate due to its peptidic moiety, this study could open the way to the use of some MD parameters to improve the prediction of micellar properties.
Material and methods
Tensioactive molecules studied in this work are presented in Table 1. Two ionic homologues (i.e. two surfactants with the same hydrophilic head but with different hydrophobic chain length), Sodium DodecylSulfate (SDS) and Sodium OctylSulfate (SOS) have been considered; their aggregation numbers are known to be around 60 [16,17] and 25 [35–37] molecules per micelle, respectively, and SDS micelles have been widely studied [18,34,38,39]. TetraDecyl Phosphocholine (TPC) is a zwitterionic surfactant that is not as well characterized as SDS; its aggregation number has been reported as 90 [40] or 108 [41]. We have also considered iso-C15 surfactin, a lipopeptide from Bacillus subtilis, for which an aggregation number of 20 ± 5 molecules per micelle is described [42].
Table 1: Presentation of the surfactants considered in this work.
	Molecule
	Structure
	Aggregation number

	
SDS (Sodium
dodecyl sulfate)
	[image: ]
	55 – 75 [43],
60 generally admitted [16,17]

	
SOS (Sodium octyl sulfate)
	[image: ]
	
24 [35,36] – 27 [37]

	TPC (Tetradecyl phosphocholine)
	[image: ]
	
90 [40] – 108 [41]

	




Surfactin
	[image: ]
	




20 ± 5 [42]



Simulations have been performed with the united atom GROMOS 53a6 force field [44] on Intel Core i7-3930K 3.20GHz. The structure of each molecule has been built with Pymol software [45], and the surfactin peptidic cycle has been formed by using HYPERCHEM [46]. Topologies of SDS and SOS have been manually refined from Automatic Topology Builder’s (ATB) results [47]. Topology of surfactin has been obtained by using Gromacs’ program pdb2gmx with manual entries of D-amino acids. Topology of TPC has been derived from the topology of DPC created in Chen et al. (2011) [48] (charges from ref [49]) and available on ATB website. Preformed spherical micelles of various sizes have been created by using packmol software [50]. Polar head atoms were randomly placed outside a sphere with a radius similar to the length of the hydrocarbon tail of the surfactant whereas the ends of the apolar moieties were placed inside a smaller sphere with the same center. The distance tolerance between 2 atoms of different molecules was set to 2 Å, as advised on packmol website [51]. Each simulation box was built around the resulting structure, with distances ranging from 1 to 2 nm between each side of the preassembled micelle and the box boundaries.
All the systems studied were first run for a 500 ps simulation with the surfactants under position restraints in periodic boundary conditions (PBC) using a 2 fs time step. Production runs were performed for 10 ns. All the systems were solvated with SPC water [52] and the dynamics were carried out in the NPT conditions (300 K and 1 bar). Na+ ions were added to the simulations of SDS, SOS and surfactin molecules (respectively 1:1, 1:1 and 2:1 Na+:surfactant ratio) to reach a net charge of 0 for the box. Temperature was maintained by using the v-rescale thermostat with τT = 0.1 ps and an isotropic pressure was maintained by using the Parrinello-Rahman [53] barostat with a compressibility of 4.5 × 105 (1/bar) and τP = 1 ps. Electrostatic interactions were treated by using the particle mesh Ewald (PME) method. Van der Waals and electrostatics were treated with a 1.2 nm cut-off. Bond lengths were maintained with the LINCS algorithm. [54] Positions and velocities of atoms in the system have been saved every 20 ps. The trajectories were performed and analyzed with the GROMACS 4.6.1 tools as well as with homemade scripts, and 3D structures were analyzed with both PYMOL [45] and VMD [55] softwares. A set of properties have been computed for each preformed micelle in order to further estimate the aggregation number of the surfactants. Since the micelles have been preformed as spherical aggregates, the first nanosecond of the simulations was not taken into account to compute properties, allowing molecules to move according to a more natural scheme. Discarding the first nanosecond was already applied by Bruce et al. [16] and it was proven to be sufficient to get equilibrated systems in our simulations as well (data not shown).
Eccentricity
Eccentricity has been computed as expressed by: [56] 

where Imin is the smallest of the moments of inertia along the principal axes of the micelle  (computed with the gromacs tool g_principal) and Iavg is the average of these moments of inertia.
Hydrophilic / Hydrophobic surface ratio
For each micelle type and size, the solvent accessible surface area (SASA) has been computed with a solvent probe size of 0.14 nm to mimic water [57], with the gromacs tool g_sas. By defining a hydrophobic atom as an atom with a net charge between - 0.2 and + 0.2, it is possible to divide SASA into hydrophobic (pho) and hydrophilic (phi) components. 
Hydrophobic tails hydration
The hydrophobic tails hydration has been computed as the average number of water molecules at a distance ≤ 0.35 nm from any atom belonging to the apolar moiety of each molecule by using the gromacs tool g_dist. The distance of 0.35 nm is a common cut-off of interatomic contact [21,29].
Micelle radius
The micelle radius has been computed according to: [16]

where rgyr is the average radius of gyration of the micelle, computed with gromacs tool g_gyrate.
Results
A preliminary simulation starting from a disperse solution of 125 SDS molecules has been carried out to assess that a “natural” micellar behavior occurs under the conditions we have set (data not shown). Aggregation is immediately observed; after 100 ns, four micelles containing around 30 molecules were spontaneously formed. From those data, we cannot anticipate if these micelles could merge to form 2 micelles of about 60 tensioactive molecules (i.e. the experimental aggregation number for SDS) or even a single micelle including all the 125 molecules with an expanded simulation time; one could also argue that a micelle could split into two smaller aggregates within a long enough time span. An adequate simulation time is therefore difficult to set. Furthermore, despite the generous dimensions of the simulation box (around 7.5 x 7.5 x 7.5 nm), the SDS concentration is about 0.5 M, more than 60-fold the CMC (0.008 M) [58]. These conditions could promote micelles collisions and merging, leading to the formation of larger micelles that are unlikely to occur in a dilute solution, which is the most relevant system. Increasing both simulation time and box size in order to investigate the micellization process of a surfactant would imply huge computational resources that are not easily accessible.
To circumvent these problems, we followed an approach in which simulations of preformed micelles of various sizes are carried out. Properties of each micelle type are computed and each parameter is expressed as a function of the molecule number forming the micelle.
Table 2 compares properties of preformed micelles of 60 SDS from the current study and from literature (ref [16], [21], [23], [17]). Given the similarities between our results and the previous works on size and shape of the 60 SDS micelles, the methodology used here appears adequate. 
Table 2: Comparison of different properties of 60 SDS micelles from several molecular dynamics simulations and this study.
	References
	Radius (Å)
	SASA (Å²)
	Phi/pho
	Imax/Imin
	Eccentricity
	Simulation parameters

	              [16]
	20.9
	10548
	
	1.05
	
	AMBER parm98, 5 ns

	[21]
	20.4
	10470
	1.09
	1.21
	
	GROMOS45a3, 10 ns

	[23]
	20.3
	
	
	1.39
	0.173
	MARTINI (coarse grain), 2 µs

	[17]
	21.2
	
	
	1.09
	
	AMBER parm94, 2 ns

	Current study
	20.83
	10530
	1.06
	1.29
	0.134
	GROMOS53a6, 10 ns


Abbreviations: SASA: Solvent Accessible Surface Area, Phi/pho: hydrophilic SASA/hydrophobic SASA ratio, Imax: highest of the principal moments of inertia, Imin: smallest of the principal moments of inertia.
Knowing the aggregation number of each surfactant allows to simulate the corresponding micelles and then to compute properties of these ‘representative micelles’. Table 3 gives the average properties calculated in the current study, from ‘representative micelles’ of each surfactant; Figure 1 shows all the micelles after 10 ns simulation.
Table 3: Average properties of ‘representative micelles’ for each studied surfactant, +/- standard deviation.
	Micelle type
	Radius (Å)
	SASA (nm²)
	Phi/pho
	Eccentricity

	                60 SDS
	20.8 +/- 0.1
	105.3 +/- 0.2
	1.06 +/- 0.005
	0.134 +/- 0.008

	25 SOS
	15.8 +/- 0.5
	45.7 +/- 0.8
	1.08 +/- 0.028
	0.248 +/- 0.014

	100 TPC
	26.3 +/- 0.03
	175.9 +/- 1.5
	2.03 +/- 0.03
	0.084 +/- 0.009

	20 surfactins
	21.4 +/- 0.15
	116.7 +/- 0.7
	0.6 +/- 0.016
	0.159 +/- 0.051



[image: ]
Figure 1. Illustration of the ‘representative micelles’ of each studied surfactant after 10 ns simulation. For clarity, ions and water molecules have been omitted. a: 60 SDS, b: 25 SOS, c: 100 TPC and d: 20 surfactins. Green: carbon, red: oxygen, orange: sulfur (SDS and SOS) or phosphor (TPC), blue: nitrogen, white: hydrogen.
In the following sections, we describe the different parameters that have been analyzed on the modeled micelles, as well as their evolution as a function of the aggregate size.
Eccentricity
Eccentricity is representative of micelle sphericity: the lower it is, the more spherical is the aggregate.  
[bookmark: _GoBack]Looking at the eccentricity values of SDS micelles, three different parts can be defined in the graph presented on Figure 2. The first section, [1–10] molecules per micelle, exhibits high eccentricity values, decreasing dramatically with the increase of molecule number per micelle. The surfactant shape and the low number of molecules within the micelle should not allow them to form a steady spherical structure. The second part, [20-80] molecules per micelle, shows the smallest eccentricity values, i.e. the most spherical aggregates. It has to be noted that this part includes the aggregation number of SDS (60 molecules per micelle), a size for which micellar shape is known to be spherical [59]. Then the third section, [90-200] molecules per micelle, exhibits a rapid increase of the eccentricity values. These micelle sizes are probably excessive to support a spherical shape, given the SDS molecular morphology. Hence, these micelles take irregular and constantly varying forms (data not shown), which could eventually lead to micelle splitting or other forms of aggregate in longer simulations. Yoshii et al. computed a similar parameter, asphericity, for different sizes of SDS aggregates [34]. They also observed a sharp drop of this property for sizes ranging from a single molecule to a 20 SDS aggregate. Afterwards the parameter exhibits low values and, contrary to our results, still decreases when increasing the number of molecules constituting the micelle. However, they reported the formation of a cavity at the center of the largest aggregates simulated in their work. This cavity is actually an artifact, due to the finite length of SDS molecules that does not allow to keep a spherical shape with too large aggregates [34]. In our work, we did not observe such cavities for larger aggregates. It explains why the eccentricity value increases from sizes of 90 molecules, as one would expect. Therefore, we assume that the observed values for eccentricity of SDS micelles, as well as their evolution as a function of their size indicate that our simulations give consistent and reliable results.
The experimental aggregation number of SOS (around 25, see Table 1) is also included within the smallest eccentricity values, as well as for surfactin (Figure 2). The micelles formed by those two surfactants are known to be spherical when composed of a number of molecules close to their aggregation number [59,60].  In the case of TPC, micelles do not exhibit such minimal eccentricity values (Figure 2), which may indicate a peculiar micelle organization


Figure 2. Eccentricity of the micelles as a function of the number of molecules they contain. Standard deviations are between 1 and 14% for SDS, between 1 and 18% for SOS, between 4 and 32% for surfactin, between 1 and 29% for TPC. SDS: solid line (□), SOS: square dotted line (◆), Surfactin: round dotted line (●), TPC: dashed line (×).
Phi/pho surface ratio
Individual tensioactive molecules exhibit phi/pho surface ratio lower than 1, indicating that their hydrophobic part is larger than the polar moiety (Figure 3). Their assembly allows them to shield hydrophobic parts from contact with water, inducing an increase of phi/pho surface ratio. For the very small aggregates (i.e. the micelles containing much less molecules than the aggregation number), the ratio sharply increases with the number of molecules. Approaching the aggregation number, ratio value reaches a plateau. This observation is verified for SDS, SOS and surfactin. For TPC, the plateau is not as evident as for the other molecules tested, while the slope of the curve is slowing down around 100 molecules, which again corresponds to the experimental aggregation number.
The insert in Figure 3 shows the data expressed as a percentage of the highest value of each set (i.e. each surfactant). A threshold has been empirically set at 90%, corresponding to the aggregation number of SDS (60). SDS has been chosen as reference because it is a well described surfactant, and SDS data are more accurate since more points are available (Figure 3). At this threshold (blue line), micelles contain 24, 13 and 99 molecules for SOS, surfactin and TPC respectively. When comparing with Table 1, those values are in very good agreement with experimental aggregation numbers.
One can notice that while the ratio reaches a plateau at a value of 1 for SDS and SOS beyond the aggregation number, this is not the case for TPC (value around 2) and for surfactin (value lower than 1).
[image: ]
Figure 3. Hydrophilic SASA / hydrophobic SASA ratio of the micelles as a function of the number of molecules they contain. Standard deviations are less than 5% for all the surfactants. SDS: solid line (□), SOS: square dotted line (◆), Surfactin: round dotted line (●), TPC: dashed line (×). Insert: same data expressed as a percentage of the highest value reached for each surfactant. The blue line is a threshold empirically set at 90%, corresponding to the aggregation number of SDS (60).
Hydrophobic tails hydration
The hydrophobic tails hydration (Figure 4) is a parameter that offers insight into the micelle hydrophobic core. At first, a drastic decrease of the apolar tails hydration is observed when increasing the number of molecules in preformed micelles. Again, this is due to the increasing number of polar heads available to protect the hydrophobic tails from contacts with water and to the decreasing SASA per molecule induced by the close packing of the tails. Then the decrease slows down and eventually stops for surfactin, SDS and SOS with further increasing micelles sizes.
It can be seen that stabilization of hydrophobic tails hydration for surfactin occurs for micelle size of about 20 molecules. This is in good agreement with the experimental aggregation number. The same is observed for both SOS (25-30 molecules/micelle) and SDS (55-70 molecules/micelle). TPC micelles exhibit a slightly different behavior, since hydrophobic tails hydration actually never stops to decrease when increasing aggregate size.  However, the decrease appears less marked for sizes higher than 100 molecules, i.e. around the aggregation number of TPC.
The insert of Figure 4 shows the data expressed as a percentage of the lowest value of each set. As for the phi/pho surface ratio, the threshold (namely 110) is fixed regarding SDS. At this threshold, SOS, TPC and surfactin micelles sizes correspond to 24, 169 and 29 molecules, respectively. The agreement with experimental values of aggregation numbers is, here again, remarkably good for SOS and pretty close for surfactin. However, the value for TPC (169) is quite far from the aggregation numbers found in literature.
[image: ]
Figure 4.  Hydrophobic tails hydration as a function of the number of molecules that micelle contains, expressed as the average number of water molecules present within a cut-off of 0.35 nm from each tail. Standard deviations are less than 5% for SDS, SOS and TPC, and between 3 and 14% for surfactin. SDS: solid line (□), SOS: square dotted line (◆), Surfactin: round dotted line (●), TPC: dashed line (×). Insert: same data expressed as a percentage of the lowest value reached for each surfactant. The blue line is a threshold empirically set at 110%, corresponding to the aggregation number of SDS (60).
Discussion
The calculation of eccentricity allows a validation of our approach when compared to experimental results while the two other parameters – namely phi/pho surface ratio and hydrophobic tail hydration – are interesting descriptors to follow the evolution of the micellar stability as a function of the aggregate size.
Validation of the methodology
Sodium alkyl sulfate surfactants are reported to form spherical micelles when no added salt is present [59]. Our simulations show that surfactin forms spherical micelles when the two acidic residues are negatively charged, in agreement with previous work [60]. It suggests that our simulations well reflect their aggregation behavior and that this “multiple micelle sizes” methodology gives consistent results. TPC aggregates composed of roughly 100 molecules exhibit very low eccentricity values, indicative of a spherical shape. This is in good agreement with Göbl et al. [41] but not with Oliver et al. [40] who assumed that TPC micelles are prolate ellipsoids. They suggest that significant steric and electrostatic repulsions between head groups as well as high surface area per head group are responsible for this peculiar shape. They assumed that this effect might be increased due to the counterion interactions at the surface, since they worked in presence of added salt ions (NaCl). They also predict that ellipticity of the phosphocholine prolate micelle would be dependent on ionic strength. In our TPC simulations, no ion was present and our data further suggest that electrostatic attraction may occur between anionic phosphate groups and cationic choline groups (see below), in contrast to the results of Oliver et al [40]. This interaction could explain the peculiar behavior observed for TPC aggregates’ eccentricity curve that does not exhibit a depression as for the other surfactants.
Phi/pho surface ratio
Since a higher phi/pho surface ratio means a more thermodynamically favorable organization of the hydrophilic and hydrophobic domains, one could expect the phi/pho ratio to rise endlessly by increasing the number of surfactants within a micelle. However, steric and/or electrical repulsions between polar heads have to be considered as a limiting factor. The fact that SDS and SOS (they both have the same polar head) micelles reach a same value for the plateau phase illustrates this pretty well. From these considerations, it can be postulated that the plateau corresponds to a balance reached at the micelle surface. Moreover, the insertion of additional molecule in a micelle whose surface is fully covered by charged heads should be less spontaneous. 
Surprisingly, the phi/pho surface ratio eventually undergoes a decrease for the largest micelles of surfactin. To get insight on this decrease, the simulation time of a box containing a 75 surfactin-micelle has been extended to 400 ns. An increase of the ratio can be observed during roughly 200 ns, followed by a stabilization around values very close to the values computed for smaller micelles (about 0.6, data not shown). When the simulation time of a 20 surfactins’ micelle is increased to 200 ns, the phi/pho surface ratio only fluctuates around the value computed after the first 10 ns (data not shown). 
These data suggest that aggregates containing a very high number of surfactin molecules (i.e. 50 and 75, at least twice and thrice the aggregation number of surfactin, respectively) have to rearrange themselves to reach a more favorable organization. This process is quite slow because, as a peptidic surfactant, surfactin is larger and probably needs more time to reach an equilibrium when such a high number of molecules is present in the system. However, even after 400 ns, the phi/pho surface ratio of the 75 surfactins-micelle does not become higher than the phi/pho surface ratio of the aggregate containing 20 molecules. This suggests that this phi/pho surface ratio value is like an optimal one for surfactin aggregates. This assumption is reinforced by the fact that even when extending the simulation of 20 surfactins by 190 ns, the phi/pho surface ratio mainly undergoes fluctuations.
While SDS and SOS phi/pho surface ratios reach a same value around their respective aggregation number, TPC ratio becomes much higher as it reaches its own aggregation number. This is due to its hydrophilic moiety (phosphocholine group), which is larger than SDS and SOS head (sulfate group). For surfactin, one could be surprised to see such low values, since it has by far the biggest “polar” head among the surfactants studied here. However, it should be reminded that a hydrophilic atom is defined here as an atom with a charge lower than -0.2 or higher than +0.2. Unlike the three other surfactants, not all the atoms forming the head of surfactin are hydrophilic ones. Thus, it is probably a more complex equilibrium that is reached, still promoting the exposure of hydrophilic atoms to water, but also involving exposure of neighboring hydrophobic atoms. The low values observed of surfactin phi/pho surface ratio could then be explained.
Hydrophobic tails hydration
Since micellization is driven by hydrophobic interactions, it is interesting to study the contacts that occur between water molecules and apolar tails. The less hydrated they are, the more stable micelles should be. 
This assumption is in good agreement with the fact that sizes corresponding to the aggregation number for each surfactant are included in the lowest values of hydrophobic tails hydration. Actually, for SDS, SOS and surfactin, the values for sizes around the aggregation number indicate the transition between the sharp decrease and the plateau that can be observed on the curves. One could say that those sizes are “key sizes” because when less molecules are present in the micelle, the protection of the tails from contacts with water is not optimal, while increasing the number of molecules does not significantly further reduce the hydrophobic tails hydration. It seems pretty compatible with the definition of the aggregation number. 
The stabilization occurs at a value that is function of the polar head size/electric charge and of the hydrocarbon chain length. For example, the low value of apolar moieties hydration observed for surfactin micelles is probably due to the very large peptidic heads that efficiently preserve hydrophobic tails from contact with water.
Global comment
The results seem in very good agreement with literature for SDS and SOS. Yoshii et al. [34] had already successfully used this “multiple micelle sizes” methodology for SDS. We here confirm that it also gives good results with the parameters used in our work. Those parameters seem evident for the study of surfactant properties, but were never used in such a way. In addition, we show that it can also be applied with another simple surfactant, SOS, which was expected but had to be proven.  The use of a threshold based on SDS curves for phi/pho surface ratio and hydrophobic tails hydration (inserts in Figure 3 and Figure 4, respectively) is very accurate for estimating the aggregation number of SOS. This may indicate that for such a simple surfactant, it could even be possible to precisely estimate the aggregation number of all its homologues by following the same methodology.
The results for surfactin also support an interesting analysis concerning the evolution of micelle size and the aggregation number. It proves that for a surfactant with such a peculiar structure, the methodology allows to collect interesting and useful data, even though  the results are slightly less accurate. As mentioned, the distribution of the hydrophobic and hydrophilic atoms is more subtle for surfactin, since not all the atoms of the “polar head” are actually hydrophilic. This feature probably makes surfactin a molecule for which the prediction of properties such as aggregation number is complicated with classical predictive tools. This work could help to improve existing MD-MT models for peculiar surfactants such as peptides.
For TPC, the methodology used with phi/pho surface ratio parameter still offers interesting data with regard to the aggregation number, but the results are globally less clear than for the other surfactants. A probable explanation for this relies on the organization of the polar heads at the micellar surface. When looking at pictures of TPC aggregates, some hydrophobic patches can be observed at the surface (Figure 5.a). While at the surface of SDS micelle there is an almost uniform distribution of the sulfate groups finely tuned as a function of the electrical repulsions between them (Figure 1), TPC heads seem closer to each other (Figure 5.b) and thus unable to recover the whole micellar surface. This behavior may be due to the zwitterionic nature of TPC: interactions between negatively charged phosphate groups and positively charged choline groups could occur and could contribute to pack together the heads. This heterogeneous organization could be at the origin of the different pattern observed for the evolution of the properties considered here, when compared with other surfactants. However, since all the simulations were performed with gromos53a6, we cannot rule out the possibility that these observations may depend on the forcefield. Tang et al. analyzed the effect of the force field on the structure of SDS micelles [61]. They concluded that some force fields, among which gromos53a6, were more adequate to simulate large SDS aggregates than others. On the other hand, Poger et al. found that default non-bonded parameters between choline methyls and non-ester phosphate oxygens in gromos53a6 did not allow to reproduce the behavior of DPPC bilayers experimentally observed [62]. Indeed, when using these default values, some properties of the simulated bilayers were not in good agreement with experimental data, including area per lipid that was too low. Authors thus tested new Lennard-Jones parameters with a higher repulsive term which gave better results [62]. In our work, we only used default parameters from gromos53a6 and showed that it allows to study micelles as a function of their size and to give globally consistent results. Since the discrepancies observed for our TPC simulations could arise from the tight packing of the heads, one could suggest that modifying Lennard-Jones parameters as done by Poger et al. would give more accurate results. According to a set of explorative simulations that we have performed (data not shown), the hydrophobic patches seem to be no more present at the micelle surface with Poger’s parameters. However, even though the values of some properties are slightly different, their evolution as a function of the micelle size seems to follow the same trends as we observed with gromos53a6 default parameters. A similar trial was done with a completely different force field, namely charmm36, for which we started from all-atom simulation files used by Abel et al. [63]. In this case, only eccentricity and phi/pho surface ratio were computed (data not shown). The trends followed by these curves are also very similar to those reported in this study, even though the values reached for the phi/pho surface ratio are much higher. As for Poger’s parameters, no large hydrophobic patches are observed with charmm36. 
These preliminary results seem to indicate that, for a given surfactant, changing the force field may influence the absolute values of the calculated properties but not the trends described here. The evolution of the parameters as a function of the aggregate size seems to follow the same pattern, whatever the force field.
[image: ]
Figure 5. Pictures of 110 TPC micelles showing the heterogeneous distribution of the polar heads at the micellar surface. (a) Side of the micelle on which the distribution of the polar heads is not even, exposing a large hydrophobic area. (b) Polar heads are uniformly distributed on this side of the micelle. Green: carbon, red: oxygen, orange: phosphor, blue: nitrogen.
Conclusions
MD used in the systematic way that we developed in this paper is an interesting tool for the analysis of the micellar structure and stability. It also allows to study micelle formation phenomenon because each micelle size can be seen as a snapshot of a micellization process. Moreover, unlike auto-assembly MD simulations, it only requires low computational resources since systems dimensions and time windows are much smaller. We showed that it is applicable to different surfactants, even a very complex one such as surfactin and that the parameters used here are suitable for such a method. It gives the opportunity to monitor the behavior of surfactant aggregates as a function of their size, and to compare the data between several surfactants. Eccentricity parameter exhibits minimal values when the aggregate size is close to the aggregation number for the surfactants that are known to form spherical micelles. This is hence in good agreement with literature and indicates that the simulations give reliable results, validating our “multiple micelle sizes” approach. The evolution of the other parameters, phi/pho surface ratio and hydrophobic tails hydration, follows another scheme, with a sharp increase and decrease, respectively, followed by a leveling-off. Interestingly, the aggregate sizes at which this stabilization starts to occur are close to the respective aggregation number of each surfactant. It can be assumed that those two parameters are good descriptors of micelle stability and formation.
These observations might be general trends for micelle-forming surfactants, since different molecules tested here gave coherent patterns. Among the compounds that we considered, only zwitterionic TPC exhibited a slightly different behavior from the “common pattern” described above. This singularity may come from a peculiar organization at the micelle surface, some hydrophobic patches being more exposed to water. This specific pattern might be due to putative attractive interactions between negatively-charged phosphate groups and positively-charged choline groups. These interactions would pack TPC heads too tightly, making them unable to cover the whole micelle surface. Explorative simulations performed with different parameters of the force field or with a different force field seem to indicate that this tight packing would come from the gromos53a6 default parameters. However, changing the force field does not seem to have an impact on the trends that the evolution of the properties as a function of the aggregate size follows.
To confirm these preliminary observations and to further explore this topic, future investigation could extend our approach with other force fields as well as with other surfactants. New parameters to analyze could also be investigated to get a more precise picture of micelle organization. Eventually, our methodology could help to improve current computer simulations combined to molecular thermodynamics models to predict properties of peptidic surfactants, since simulations with surfactin appear to give promising results.
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