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Inn this Chapter we describe the Dissipative Particle Dynamics (DPD) simulation 
techniquee that we have applied to the study of biological membranes. In addition, 
wee introduce the mesoscopic model that we use to represent coarse-grained (CG) 
lipi dd molecules. In this CG model that we propose, the lipids are represented by soft 
spheress interacting by purely repulsive forces, and are constructed by connecting 
beadss via harmonic springs. We also demonstrate that DPD in combination with 
thesee mesoscopic models gives us a sufficiently large gain in CPU-time such that we 
cann form the bilayer by self-assembly. 

2.11 Dissipative Particle Dynamics 

Dissipativee Particle Dynamics was introduced by Hoogerbrugge and Koelman [26] as 
aa particle based method to simulate complex fluids with the correct hydrodynam-
icss on mesoscopic time and length scales. DPD describes the motion of particles, or 
beads,, which represent the center of mass of a fluid 'droplet', i.e. each DPD particle is 
aa momentum carrying group of molecules. All the degrees of freedom smaller than a 
beadd radius are assumed to have been integrated out, resulting in a coarse-grain rep-
resentationn of fluid elements and in the possibility to adopt soft interactions between 
thee beads. 

DPDD resembles Molecular Dynamics (MD) in that the particles move in contin-
uouss space and discrete time step, according to Newton's laws, but, due to the soft 
interactions,, larger time and length scales are accessible, compared to standard MD. 
Thiss allows for the study of physical behavior on time scales many orders of magni-
tudee greater than possible with MD. 

Inn addition to the soft-repulsive (conservative) interaction, DPD models include 
twoo other forces: a dissipative force that slows the particles down and removes en-
ergy,, which can be seen as a viscous resistance, and a stochastic force, which, on 
average,, adds energy to the system and accounts for the degrees of freedom which 
havee been removed by the coarse-graining process. These two forces act together 
ass a thermostat for the system. Each of the three DPD forces is pairwise additive, 
conservess momentum, and acts along the line joining two particles. 

Onee of the attractive features of DPD is the easy way in which complex fluids can 
bee constructed by introducing additional conservative interactions between the par-
ticles,, like harmonic potentials to connect particles to build a "bead-and-spring" rep-
resentationn of polymer chains. 

DPDD has been used to study phase separation and domain growth [31-33] of bi-
naryy immiscible fluids by assuming two types of particles which repel each other 
withh a strength larger than the repulsion between equal particles. The kinetics of 
microphasee separation of diblock copolymer has also been investigated with DPD 
|34,35]]  showing the critical role of hydrodynamic forces. Another successful applica-
tionn of DPD is the modeling of dilute polymer solutions [36,37] and the effect of sol-
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ventt quality on the static and rheological properties of polymer solutions has been 
investigatedd [38]. The DPD method applied to the study of polymer melts [39] found 
resultss consistent with the Rouse-Zimm model. Other applications of DPD are to 
simulationn of suspensions of colloidal particles [40-421, polymer mixtures [28,36,43], 
tetheredd polymers in shear flow [44], amphiphilic mesophases [45], and polymer-
surfactantt aggregation [46]. For an exhaustive review of the DPD technique and its 
applicationss we refer the reader to refs. [47) and [48]. 

TheThe simulation technique 

Thee total force acting on a DPD particle i is expressed as a summation over all the 
otherr particles, j , of three forces [26,28] of the pairwise-additive type: 

ftt = ^ ( F } j + F [ f + F R | . (2.1) 
ii  / i 

Thee first term in the above equation refers to a conservative force, the second to a 
dissipativee force and the third to a random force. 

Thee conservative force has two contributions, one describing non bonded inter-
actionss and the other describing the interactions used to tie the beads together in the 
buildingg of a polymer like molecule (see equation 2.13). Most DPD studies express 
thee former contribution as a soft repulsive force in the form 

F l ii = \ 0 ( r, >RC, [22) 

wheree the coefficient â  > 0 represents the maximum repulsion strength, r^ = i\ -i* j 
iss the distance between particles i and ) (riS = r^ ), and Rc is a cutoff radius which 
givess the range of the interactions. 

Thee dissipative and random forces are expressed as: 

F""  = - W i j H f i i - V i i i f u 

Fuu = (nvR[ru!Ciifi i (2.3) 

wheree v^ = vt - v; is the velocity difference between particles i and j , n. is a friction 
coefficientt and a is the noise amplitude. C\\ is a Gaussian (or uniform) distributed 
randomm number, independent for each pair of particles, with zero mean and unit 
variance.. The requirement L{-} = Cn enforces momentum conservation. 

Espanoll  and Warren [27] demonstrated that, in the limi t of infinitesimal time-
step,, the system satisfies detailed balance and achieves a well-defined equilibrium 
state,, the Gibbs Canonical NVT ensemble, with a well defined temperature, derived 
fromm a fluctuation dissipation theorem, if the weight functions and coefficients of the 
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dissipativee and the random force satisfy the relations: 

w I J |nn = u - V r (2.4) 

Thiss is because the time evolution of the distribution function of the system ffr,p, 11, 
whichh specifies the probability of finding the system at time t in a state where the 
particless have positions r='r, J and momenta p=Ipt \, is governed by the Fokker-Planck 
equation n 

—— = £ c f + £ D f , (2.5) 
dt t 

wheree CL and CD are the evolution operators. LL is the Liouvill e operator of the 
Hamiltoniann system interacting with conservative forces, and £n contains the dis-
sipativee and the noise terms, if only £L is present, the system is Hamiltonian with 
equilibriumm distribution, f(.q, the Gibbs distribution. In order to have the Gibbs dis-
tributionn also when the random and the dissipative forces are present, the corre-
spondingg evolution operator should satisfy Cl)ivli — 0. The relations 2.4 specify this 
condition.. The existence of a Hamiltonian implies that only the conservative part of 
thee force (or better, the potential Uc related to it: Fc = -VUc), determines the equi-
libriumm averages of the system observables. Furthermore, as shown by Willemsen et 
aiai in [49], it implies that DPD can be combined with Monte-Carlo (MC) methods. 
Wee wil l use this property in section 3.3 of Chapter 3, where we describe an hybrid 
DPD-MCC scheme to ensure that the simulations are performed at constant surface 
tension. . 

Alll  the forces assume the same functional dependence on the interparticle dis-
tancee rij , as the conservative force F^ does, if the weight function wK(r] has the fol-
lowingg functional form 

i vv r = < (2.b) 
\\ 0 I r > R,1 

andd ivD (r) follows from equation 2.4. 
Thee Newton's equations of motion are integrated using a modified version of the 

velocity-Verlett algorithm [28]: 

rif tt + At) = r j t i + AtVjft ) + - ( A t r f i ( t ) 

V i f t -A t ll  = Vi(t!^AAtfi(t ! (2.7) 

f i f t -A t ll  = fiTl t + Ati,v! t - At f 

v,, 11 - At i = vt it i ^ -A t 'filt i f fi( t + Atl' . 

Thiss integration algorithm becomes the original velocity-Verlet algorithm when the 
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forcee is independent of velocity and A = 0.5. Since in DPD the force depends on 
thee velocity, the iterative scheme of equation 2.7 is used, where v is a prediction for 
thee velocity. In practice A is an empirical parameter which takes into account the 
factt that the underlying equations of DPD are stochastic differential equations [28]. 
Followingg Groot and Warren in [28] we choose the values A = 0.65 and cr = 3 which 
aree a compromise between fast simulations (large timestep At) and stability of the 
systemm without large deviations from the imposed temperature. 

ReducedReduced and physical units 

Usuallyy within the DPD approach one makes use of reduced units for the mass, length 
andd energy. |24,28]. The unit of length is defined by the cut-off radius Rc, the unit of 
masss by the mass m of a DPD bead (where all the beads in the system have equal 
mass),, and the unit of energy by kBT. From these, the unit of time T follows as 

TT = R, v/m/knT. (2.8) 

InIn the following, unless otherwise stated, all the reported quantities will be expressed 
inn these reduced units. 

Ann important—and non trivial—aspect in mesoscopic simulations is the map-
pingg of the above mentioned units onto physical units. The level of coarse-graining, 
i.e.i.e. the number Nm of molecules represented by a DPD bead, can be seen as the 
renormalizationn factor for this mapping [24]. As an example we describe below the 
proceduree to derive the physical unit of length. If a DPD bead corresponds to Nm 

waterr molecules, then a cube of volume R3 represents pNm water molecules, where p 
iss the number density, i.e. the number of DPD beads per cubic Rc. Considering that 
aa water molecule has approximately a volume of 30 A3, we then have 

R33 =30pNm[A 3:. (2.9) 

Takingg a bead density of p = 3 [28], from equation 2.9 we have 

Rcc =4.4814(Nm)1 3:Aj . (2.10) 

Forr instance, if Nm = 1 then Rc = 4.4814 A, andif Nm = 3 then Rc = 6.4633 A. 
Differentt mapping criteria have been used to derive the physical unit of time, all 

basedd on the mapping of diffusion constants for the system components. For ex-
ample,, Groot and Rabone [24] used a mapping based on the comparison of the ex-
perimentall  value of the self-diffusion constant of water and the corresponding value 
computedd in DPD simulations, while Groot [46] used the diffusion constant of a sur-
factantt micelle. In both references a value of the integration timestep (see equation 
2.7)) of At = 0.06T was taken, which gives At =5ps or At %25ps depending on which 
diffusionn constant is considered. Both values show that DPD simulations allow for 
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aa timestep at least three orders of magnitude larger than in atomistic molecular dy-
namicss simulations, where a timestep of the order of few fs is typically used. 

Inn the next section we describe the coarse-grained model we use to represent lipid 
moleculess and we show that these model lipids, simulated with DPD, spontaneously 
self-assemblee into micelles and bilayers. 

2.22 Coarse-grained model of lipids 

Withinn the mesoscopic approach, each molecule of the system (or groups of molecules) 
iss coarse-grained by a set of beads. We consider three types of beads: a water-like 
beadd (denoted as 'w'), which models the solvent, anhydrophil icbead (denoted as 'h') 
whichh models a section of the lipid headgroup, and an hydrophobic bead (denoted 
ass 't') which models a segment of the lipid hydrocarbon tail. A lipid is constructed 
byy connecting head- and tail-beads with springs. The simplest lipid consists of a lin-
earr chain of one hydrophilic head-bead and one tail of hydrophobic beads. A more 
realisticc model of a phospholipid can be constructed by connecting two hydropho-
bicc tails to an headgroup consisting of one or more head-beads. In both single- and 
double-taill  lipids the tail(s) can have different length. We denote a single-tail lipid 
withh one head-bead and n tail beads as htn, and a double-tail lipid with m head-
beadss and n tail-beads as hm ( t n )2 (see figure 2.1). 

hh h3 

: : 

,, h= 

t 3 3 

r r 
t4 4 

t l l 

t 2 2 

t 3 3 

h t 55
 h 3 ( t 4 )2 

Figuree 2.1: Schematic drawing of the single- and double-tail model lipids described in the text 
andd their nomenclature. The black particles represent the hydrophilic head-beads and the 
whitee particles the hydrophobic tail-beads. 

AA mapping of coarse-grained lipids onto real phospholipids can be established 
throughh the factor Nm. We have chosen a mapping factor of N„, = 3, corresponding 
too three water molecules represented by one DPD-bead of volume of 90 A3. In terms 
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off  methyl groups of an actual lipid molecule, this volume corresponds to three CH2 

groupss (or one CH2 plus one CH3 group). By also mapping the choline, phosphate, 
andd glycerol groups of the phospholipid hydrophilic head on one DPD bead each, a 
reall  phospholipid, like, for example, dimyristoylphosphatidylcholine (DMPC), can 
bee represented by a double-tail coarse-grained lipid with three hydrophilic head-
beadss and five hydrophobic beads in each tail (lipid Hj ' tsb), as shown in figure 2.2. 

Figuree 2.2: The atomistic representation of DMPC and the corresponding coarse-grained 
modell  used in this work. Hydrophilic head-beads are indicated in gray and hydrophobic tail-
beadss in white. 

ModelModel parameters 

Non-bondedd interactions 
Thee non-bonded interactions between the beads are described by the conservative 
forcee of equation 2.2. The relative strength of the force between different bead types 
iss represented by setting the repulsion parameter between two beads-either both hy-
drophilicc or hydrophobic- to a smaller value than the one between two beads where 
onee is hydrophilic and the other is hydrophobic. 

Inn particular, the interaction parameter between water-beads (aKK) can be de-
rivedd by fitting the calculated value of the compressibility of water at room tempera-
turee to the experimental one [24,28], according to 

Wap\\ = ]W3p\ 
kBTT U p / C . kBT \dn l ' 

00 \ i y sim 'J \ / exp 

wheree Nm is the number of water molecules that are represented by one DPD bead, p 
iss the pressure, and n and p are the water and DPD water-like bead densities, respec-
tively.. Groot and Warren [28] have shown that for densities p > 2, the equation of 
statee of a DPD single-component system for different densities and different repul-
sionn parameters follows a simple scaling relation. Since the higher the system density 
thee larger the number of interactions for each particle, it is convenient to choose the 
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minimumm density for which the scaling relation holds, i.e. p = 3. For this value of the 
density,, the correct compressibility of water is matched for auu = 25NmkBTa. In this 
fittingg procedure a temperature of T" = 1.0 (where the star indicates the temperature 
inn reduced units) corresponds to room temperature TG. In principle, the same proce-
duree could be used to match the compressibility of water at different temperatures. 
Thiss would result, however, in temperature dependent au parameters. Such tem-
peraturee dependent parameters would make the interpretation of the results more 
complexx and therefore we assume that these parameters are temperature indepen-
dent.. Hence in our simulations we have chosen to keep the parameters fixed and 
onlyy change the temperature whenever we use a temperature different than the room 
temperature.. Since the translation to experimental temperatures is not straightfor-
ward,, in Chapter 5 we will convert the reduced temperatures into physical units by a 
mappingg based on the temperatures of the phase transitions in lipid bilayers. 

Too obtain the repulsion parameters for a multicomponent system, where beads 
off  different type are present, mutual solubilities can be matched by relating the DPD 
repulsionn parameters to the Flory-Huggins x-parameters that represent the excess 
freee energy of mixing [24,28,43]. 

Thiss route to derive repulsion parameters for mixed DPD systems has been ap-
pliedd by various authors. However, the set of mesoscopic parameters used in the 
literaturee to model amphiphilic surfactants, and in particular phospholipids, is not 
unique.. Different levels of coarse-graining result in different parameter sets [24,28, 
46].. The ionic nature of the molecules [24,46] can produce different values for the 
interactions.. Also, the interactions parameters have been tuned to reproduce the 
self-assemblyy of amphiphilic surfactants into spherical micelles [46], or into a bi-
layerr with thickness and lipid end-to-end distance consistent with experimental val-
uess [50]. Despite these differences, it can be shown that if the repulsion between hy-
drophobicc and hydrophilic particles is sufficiently larger than the repulsion between 
particless of the same type, phase separation occurs, and that, under the appropri-
atee conditions of concentration and amphiphiles architecture, the self-assembled 
supra-molecularr structure is a bilayer. We use the parameter set derived by Groot 
forr amphiphilic surfactants [46] and reported in table 2.2, with the exception of at t 

(tail-tail),, which we have increased from 15 to 25 to avoid unrealistic high densities 
inn the bilayer hydrophobic core. The low repulsion between water-beads and head-

a-u u 
w w 
h h 

ww h t 
255 15 80 
155 35 80 

Tablee 2.1: Repulsion parameters a,, (see equation 2.2) used in our simulations. Water beads 
aree indicated as w, hydrophilic head-beads as h, and hydrophobic tail-beads as t. The param-
eterss are in units ofkuT. 
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beadss a,vh represents the hydration of the headgroup by water molecules. The higher 
valuee of the head-head repulsion parameter ahh, respect to the water-water aW\V and 
tail-taill  att repulsion parameters, takes into account the bulkier volume of the head-
groupp and the repulsion due to the charged nature of the lipid headgroup. 

Thee value QUW - 25 for the interaction parameter between water beads, reported 
inn table 2.2, gives the correct compressibility of water at room temperature if a map-
pingg factor of Nm = 1 is used. However, it is worth to point out that the interaction 
parameterss have an effective nature, and that the relative strength of the interac-
tionss between different beads is the factor that mainly determines the properties of 
thee mesoscopic bilayer. In the following of this thesis we will show that a mapping 
factorr of Nm = 3 can also be used in combination with the parameter set of table 
2.2,, and that the properties of the resulting coarse-grained mesoscopic bilayers can 
bee consistently compared with experimental data. In particular, in Chapter 3, we will 
showw that the bilayer area compressibility has a value comparable with the area com-
pressibilityy of real phospholipid bilayers; and, in Chapter 5, that the bilayer structural 
quantities,, like the area per lipid and bilayer thickness, for the coarse-grained bilay-
ers,, are in remarkably good quantitative agreement with experimental data. 

Bondedd interactions 
Thee beads that form a lipid molecule are connected via harmonic springs. Groot and 
Warrenn [28] used a harmonic force in the form 

'springg = KFij (2.12) 

withh a spring constant k = 2. This spring force, however, does not prevent the beads 
too be located far more than a cut-off radius, Rt, apart. In this way it would be easy 
forr the lipid chains to cross each other without experiencing any mutual interaction. 
Thiss means that, due to the soft interactions between DPD beads, the model can not 
simulatee entanglement if the spring in equation 2.12 is used. This problem can be 
controlledd by adjusting the length and intensity of the spring (51]. To avoid bond 
crossingg we use a spring force in the form of a Hookean spring 

Fspringg — K r h ' i j — r t , q i f i j . ( 2 . 1 3) 

Thee equilibrium distance, giving the chosen number density of 3, is i\.q = 0.7. The 
forcee constant Kr is chosen with a value 100, which guarantees that 98% of the cu-
mulativee bond distance distribution lies within one Rc. To compare the two spring 
models,, in figure 2.3 we plot the total energy given by 

Utmm = Uc + USprinK, (2.14) 
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wheree UL- is the energy due to the force Fe in equation 2.2: 

Li cc = a 
2RC C 2 2 

(2.15) ) 

andd the value of the repulsion parameter is chosen as a = 25kBT. Uspnng in equation 
2.144 is either the potential from the spring force in equation 2.12 or in equation 2.13. 
Itt can be seen that using the potential from equation 2.12 and k = 2 (dashed line in 
figurefigure 2.3) the minimum of the total potential energy is very broad and located at a 
valuee of the interparticle distance rQ ~ 0.9, which is almost the value of the cut-off 
radiuss (Rc = 1). The same potential with k == 100 (long-dashed line in figure 2.3) 
presentss a deeper minimum but results in a value of the interparticle equilibrium 
distancee r0 ~ 0.2 which is too small compared to the average distance between the 
beadss in a system at density p = 3, while the Hookean spring of equation 2.13 (solid 
line)) with the chosen parameterization, gives the correct bond length. 

50 0 
/ / 

/ / 

Figuree 2.3: Comparison of the total potential energy Utot (see equation 2.14 and 2.15) for the 
twoo spring models in equation 2.12 (dashed line k=2, long-dashed line k=100) and 2.13 (solid 
lineK,-- = 100). 

Thee flexibility  of the lipid can also be controlled by adding an extra bond-bending 
potentiall  between consecutive bonds in the form: 

U U bend d 2 2 

Ke e 
2 2 

T jj  - l . i  T j  . i , j 
(2.16) ) 

wheree Ke is the strength of the potential, 8 is the angle between two consecutive 
bondss (r; i,i and r-i+i.ü. and 90 is the equilibrium angle. If no angle is set in the 
hydrophobicc tail, the lipid is fully flexible. A resistance to bending can be modeled by 
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settingg the equilibrium angle of the bond-bending potential to the value 0O = 180°. 
Thiss topology can represent saturated carbon chains or unsaturated all-trans chains. 
Too model a ds-unsaturation due to a double bond, an equilibrium angle 60 = 135° 
cann be chosen since cw-unsaturation creates a kink in the lipid tail [52]. 

2.33 Self-assembly 

Thee scope of this section is to show that DPD coarse-grained lipids, modeled with 
thee interaction parameters of table 2.2, can demix and form self-assembled struc-
tures.. To study the self-assembly process we consider mixtures of water and single-
taill  lipids with five tail-beads (ht-,). The lipid tail is fully flexible, i.e. no bond-bending 
potentiall  is applied. 

Wee consider mixtures of water and lipids at different mole fraction, cs, defined as 

wheree N| and Nvv are the total number of lipids and water particles in the system, 
respectively.. For each of these systems the number density — defined as the total 
numberr of beads in the system divided by the simulation box volume — was p = 3, 
andd the box lengths were fixed as Lx = l_y — 10 and Lz = 12, with periodic boundary 
conditionss in all three Cartesian directions. For each concentration we started with 
aa random initial configuration of the lipids in water and we let the system evolve 
untill  the equilibrium state was reached, i.e. until the supramolecular aggregate of 
thee lipids was stable in time. 

Forr the simulations presented in this section we have chosen a temperature of 
lcBTT = 1. We will show in Chapter 5 that the parameters in table 2.2 lead to stable 
bilayerss in a wide range of temperatures. 

ResultsResults and discussion 

Att low concentrations one small spherical micelle is formed. By increasing the con-
centrationn the size of the spherical micelle increases until a concentration of 0.044 
iss reached, when a cylindrical micelle is formed. This cylindrical micelle is stable up 
too cs % 0.057, then, at cs = 0.062, it deforms into a flat cylindrical micelle. When 
thee number of lipids is further increased by just 10 more molecules (corresponding 
too a concentration of cs = 0.067), a bilayer with a pore is formed. To obtain a com-
pletee bilayer a concentration of cs = 0.077 must be reached, corresponding to 200 
lipids.. In the first stage of the bilayer formation the lipids aggregate in a cluster. This 
clusterr then takes the shape of a cylinder. The cylindrical micelle is not stable and 
showss large fluctuations in shape. Some of these fluctuations result in a percolation 
off  the micelle across the periodic boundary conditions and a bilayer is formed. It 
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takess between 10000 and 20000 time steps for a bilayer to self-assembly, and the bi-
layer,, once formed, is stable and symmetric, i.e. it contains approximately the same 
numberr of lipids in each monolayer. A bilayer is the stable structure up to 210 lipids. 
Byy further increase in the concentration, the bilayer starts to branch and deforms in 
aa shapeless structure tough still interconnected. For 300 lipids (cs = 0.14) a second, 
separate,, bilayer starts to form, parallel to the first one. In figure 2.4 we show some of 
thee described structures as snapshots taken from the simulations. 

Ourr results are in remarkably good agreement with the results by Goetz and Li-
powskyy [21]. These authors studied the self-assembly of linear CG Lennard-Jones 
amphiphilicc surfactants — with the same topology as our DPD single-tail lipids — by 
molecularr dynamics and Monte Carlo simulations. We find the same self-assembled 
structuress that these authors find, and the same type of structure is formed in the 
samee range of concentrations in the two studies. A small difference between our 
studyy and the one in ref. [21] is that in our simulations the transition from one type of 
structuree to the other (like, for example, from spherical micelle to cylindrical micelle) 
occurss at slightly lower lipid/water ratios than observed by Goetz and Lipowsky. This 
iss likely due to the fact that the amphiphiles in [21] have four beads in the tail and 
thee ones we use have five, while both models have the same headgroup size (one 
bead).. As a consequence, closed spherical structures (like micelles and cylindrical 
micelles)) that contain the same number of molecules become unstable at lower con-
centrationss for amphiphiles with a longer tail. The hydrophilic surface is the same 
inn the two cases, but the hydrophobic volume is larger for amphiphiles with a longer 
tail.. To verify this hypothesis we studied the self-assembly of lipids with four tail-
beadss (Ht4) in the same range of concentrations used for the ones with five tail-beads. 
Wee indeed found that, for these shorter chains, the transitions between the different 
supramolecularr aggregates occur at higher concentrations compared to the ones of 
longerr lipids. These concentrations are still slightly lower than the corresponding 
oness reported in [21]. 

Itt is also interesting to compare out results with the recent simulation of Marrink 
etaletal [6] whose work is the first simulation of aggregation of phospholipids into bilay-
erss with atomic details of the structure and interactions. These authors find that a bi-
layerr with an hydrophilic pore, like the one observed in our and Goetz and Lipowsky's 
CGG simulations, is the intermediate configuration in the formation of the bilayer. The 
breakdownn of the pore is the rate limiting step in the overall process. Although in our 
simulationss the bilayer with a pore is stable and it is observed at concentrations too 
loww for a full bilayer to be formed, the fact that this structure has been produced us-
ingg such different models and simulation techniques suggests that it could indeed be 
aa fundamental step in the kinetics of bilayer self-assembly. 
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ia; ; (b) ) 

(O O !(ll l 

(e) ) 

Figuree 2.4: Snapshots of self-assembled structure of ht-, lipids. Following increasing concen-
tration:: large spherical micelle (a), cylindrical micelle (b), flat cylindrical micelle (c), bilayer 
withh a pore (d), and bilayer (side and top view) (e,f). The black beads represent the head-
groups,, the gray beads the tails, and the dots the water particles. 




