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3.11 Introductio n 

Lipidd bilayers are self-assembled structures, which are not constrained by the total 
area,, and hence wil l adopt a conformation that wil l have the lowest free energy. Since 
thee thermodynamic definition of surface tension is the derivative of the free energy' 
withh respect to the area of the interface [53], for a unconstrained bilayer the free en-
ergyy minimum wil l be a tensionless state [54]. Experimental results on unilamellar 
vesicless have also indicated that bilayers are in a stress free state [55]. In molecular 
simulation,, for both self-assembled and pre-assembled membranes, a fixed num-
berr of lipid molecules and a fixed area are usually combined with periodic bound-
aryy conditions. The periodic boundary conditions correspond to an infinitely large 
membrane,, but the fixed size of the simulation box, and the fixed number of lipids 
att the interface, impose a constraint on the bilayer area which results in a finite sur-
facee tension. Although the constraint on the fixed area can be released by performing 
simulationss of membranes at constant pressure or constant surface tension [56,57], 
itt is an important — and still open — question which value of the surface tension 
shouldd be used in simulations to reproduce the state and the area per lipid of a real 
membrane. . 

InIn their molecular dynamics simulations Feller and Pastor [58,59] observed that a 
tensionlesss state did not reproduce the experimental value of the area per lipid. They 
explainedd this result by considering that, since the typical undulations and and out-
of-planee fluctuations of a macroscopic membrane do not develop in a small patch of 
aa membrane (theirs was composed of 36 lipids for monolayer), a positive surface ten-
sionn (stretching) must be imposed in order to compensate for the suppressed undu-
lations,, and hence to recover the experimental values of the area per lipid. Recently, 
Marrinkk and Mark [60] investigated the system size dependence of the surface ten-
sionn in membrane patches ranging from 200 to 1800 lipids, simulated for times up 
too 40ns. Their calculations show that, in a stressed membrane, the surface tension 
iss size dependent, i.e. it drops if the system size is increased (at fixed area per lipid), 
whichh is in agreement with the results by Feller and Pastor. On the other hand, their 
resultss show that at zero stress simulation conditions the equilibrium does not de-
pendd on the system size. Marrink and Mark then concluded that simulations at zero 
surfacee tension correctly reproduce the experimental surface areas for a stress free 
membrane. . 

Simulationss at constant surface tension have been introduced by Chiu et al. in 
[56].. A constant surface tension ensemble (NVy) has been considered in literature 
andd the corresponding equations of motion for Molecular Dynamics simulations 
havee been derived [57], and applied to the simulation of phospholipid bilayers [59, 
61-65],, Alternatively, to ensure a tensionless state, Goetz and Lipowsky [21] per-
formedd several simulations to determine the area per lipid that gives a state of zero 
tension. . 
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InIn our simulations we use a different approach, based on a Monte Carlo (MC) 
scheme,, to simulate a membrane at a given state of tension, of which the tensionless 
statee is a particular case. Similar to constant pressure simulation, we impose a given 
valuee for the surface tension and from the simulation we obtain the average area per 
molecule.. Such method has the advantage that we do not have to perform several 
-- relatively expensive - simulations to locate the area of zero tension. Moreover, by 
releasingg the constraint of a priori  chosen area and allowing dynamic fluctuations 
off  the bilayer area, the system is able to explore the phase space and assume the 
configurationall  structure that corresponds to the free energy minimum at the given 
thermodynamicc conditions. One of the implications of this extra degree of freedom is 
thatt it allows to observe directly phase transitions in which the area per lipid changes. 
Wee wil l exploit this advantage in Chapter 5 where we study the phase behavior of lipid 
bilayers. . 

Inn this Chapter we first introduce the definition of surface tension and its cal-
culationn method in computer simulations. We then describe the scheme we use to 
imposee a given value of the surface tension and we validate the method by applying 
itt to a monolayer of amphiphilic dumb-bells at oil-water interface. We then utilize 
thee constant surface tension scheme in simulations of lipid bilayers to study the de-
pendencee of the area per lipid on the system size, and on the value of the applied 
surfacee tension. 

3.22 Metho d of calculatio n of surfac e tensio n 

Inn homogeneous systems at equilibrium the pressure is constant and equal at each 
pointt in space, while for an inhomogeneous system the pressure is a tensor P(r) that 
dependss on the spatial direction and on the position r where it is calculated. Here 
wee follow the discussion presented in [53] and [66] to derive the properties of the 
pressuree tensor. 

Considerr a system of two immiscible liquids forming a planar interface normal to 
thee z direction. In equilibrium, mechanical stability requires that the gradient of the 
pressuree tensor is zero everywhere 

VV P = 0. (3.1) 

Shearr forces are also zero and the non diagonal components of P vanish; also, be-
causee of planar symmetry, the components of the pressure tensor parallel to the in-
terfacee should be identical. The pressure tensor is then diagonal 

// Pxx 0 0 \ 
PP = 0 Pyy 0 . (3.2) 

VV o 0 Pzz J 
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with h 
Pxxfr!!  - PV)V)(ri. (3.3) 

Fromm equations 3.1 and 3.2 we have 

^ — e vv + — - e w — ^ ; = 0 (3.4) 
oxx oy " 02 

wheree ea (a x, y, z) are the orthogonal basis vectors in the Cartesian space. From 
equationss 3.4 and 3.3 results that the lateral (also called tangential) components of 
thee pressure tensor are function of 2 only: P| (zt = Pxx(z) = Pin,(z). The normal 
componentt is constant throughout the system and equal to the external pressure: 
P\ii  I'21 — Pzz |2! = PL.xt. The lateral components are also equal to the external pressure 
inn the bulk phases. 

Thee surface tension is defined as the integral over the interface of the difference 
betweenn the normal and lateral components of the pressure tensor [67,68] 

YY = dz !PN ( z | -PL ( z ):: = dyU)) (3.5) 

wheree Z] and z? are positions in the bulk phases and 7(2) is the local surface tension 
att position 2. 

InIn molecular simulations, statistical mechanics is used to relate thermodynamic 
quantitiess to ensemble averages over microscopic degrees of freedom. For an homo-
geneouss system the pressure is a scalar and it can be expressed by the virial equa-
tionn 169,70] 

P = p k B T + ^ / ^ r i - F i \\ (3.6) 

wheree F, is the total internal force on particle i and the brackets indicate an ensemble 
average.. If the intermolecular forces are pairwise additive, the above may be written 
as s 

PP = p k F » T + ^ / ^ 2 I r i i - F i 1 \ (3-7) 

wheree F^ is the force on particle i due to particle j . 

Forr an inhomogeneous system the pressure tensor at position r can still be ex-
pressedd in a tensorial form of the virial equation and it can be split in a kinetic PK 

andd a potential part Pu [66], 

Plrii  - PK ( r i t Pu! r i (3.8) 
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Thee kinetic part can be expressed as a generalization of the ideal gas contribution 

PK (r)) =kB Tp( r l l (3.9) 

wheree p(r] is density at position r and 1 is the 3x3 unit matrix. This kinetic part is a 
singlee particle property and it is well localized in space. Conversely, there is no un-
ambiguouss way of expressing the potential part of the pressure tensor. Pu (r) can be 
definedd as the force acting across a microscopic element of area located at r. Because 
thee force depends on the position of two particles (for pair additive potentials), there 
iss no unique way to determine which pairs of particles should contribute to the pres-
suree across the microscopic element of area at r 171], and to reduce the non local 
two-particless force to a local force at r. Irving and Kirkwood [72] derived the equa-
tionss of hydrodynamics by means of classical statistical mechanics and obtained the 
expressionn of the pressure tensor in terms of molecular variables. They required that, 
inn any definition of the pressure tensor, the local virial should be located near the line 
connectingg the two interacting particles. 

Differentt methods have been proposed to compute the potential part of the pres-
suree tensor, like the Irving and Kirkwood method [72] or the Harashima method [73]. 
Thee various definitions correspond to different choices of the contour which con-
nectss the position in which the microscopic pressure tensor is calculated with the 
particless position. It is important to underline that all methods give the same expres-
sionn for the total pressure and interfacial tension when integrated over the whole 
system,, while the expression of the local pressure depends on the applied method. 
Forr a detailed description of these different methods see [66]. In our simulations we 
usee the Kirkwood-Buff convention [67, 74], which takes as a contour a straight line. 
Thee simulation box of sizes Lx, Ly and L,, is divided into TMS slabs parallel to the in-
terfacee (xy-plane) and the contribution of each pair of interacting particles to the 
locall  pressure tensor is evenly split through all the slabs which intersect the line the 
connectss the two particles (line of centers). 

Thee normal and lateral components of the local pressure tensor in slab k, includ-
ingg the kinetic contribution, are then given by 

P,(kll  - i c B T C p f k ) / - ^ / ^ "' X i i
r
+ V l i i u ' ( rt i ) \ (3.10) 

PN(kll  = kBT(p(k)i - Y \ T - k ~u'{r" ]) ( 3- H ) 

wheree p(k| is the average density in slab k, Vs = L xL yL 2/Ns is the volume of a slab, 
U ' (T || is the derivative of the intramolecular potential, and the brackets denote an en-
semblee average. Y.' \ \ means that the summation runs over all pairs of particles (i, j) 
off  which the slab k (partially) contains the line of centers. A slab k gets a contribu-
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tionn 1 ,/Nt) from a given pair (i J 1, where Nu is the total number of slabs that intersect 
thee line of centers between particle i and j . Periodic boundary conditions are always 
takenn into account in this calculation. The integral in equation 3.5 now becomes 

kk 1 

N l k i - P L L 'k);Azss = ^ y (3.12) ) 

wheree Azs = L, Ns is the (uniform) width of the slabs and y(kl is the local surface 
tensionn in slab k. 

Too illustrate the application of this method with a very simple example, we plot in 
figurefigure 3.1 the distribution of the local surface tension y (z I across an oil/water inter-
facee (the interface is perpendicular to the z-axis), calculated from a DPD simulation 
off  oil- and water-like phase separated particles. In the same figure we also plot the 
oil,, water and total densities profiles to better characterize the shape of the pres-
suree profile. Note that, because of periodic boundary conditions, the interfaces in 
thee simulation box are actually two. The maximum of the surface tension is at the 

10 0 

Figure3.1:: Surface tension profileylz) (solid black), and oil (dashed black), water (dot-dashed 
black),, and total (solid gray) density profiles across the interfaces (perpendicular to the z-axis) 
betweenn phase separated oil and water. Because of periodic boundary conditions, there are 
twoo interfaces. Note that the densities have been rescaled and shifted for better comparison 
withh the surface tension (hence the scale in the graph ordinate refers to the surface tension 
onlv). . 

oil/waterr interfaces where there are large repulsive forces between oil and water, and 
thee density is lower than in the bulk phases. Moving away from the interface (in 
bothh directions since the system is fully symmetric), as a consequence of the repul-
sivee forces at the interface, there is a thin region of compressed fluid where the sur-
facee tension becomes (slightly) negative. The surface tension becomes again positive 
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wheree a second density minimum occurs and then goes to zero in the bulk phases. 
Inn the literature, when describing the distribution of pressures in a lipid bilayer, 

thee quantity that is usually reported is the difference between the lateral and the nor-
mall  pressure. Hence, we find it convenient to define here the pressure profile n(z) 
as s 

7t(z)) = [PL (z) -PN (z) ] . (3.131 

3.33 Constan t surfac e tensio n ensembl e 

Inn this section we introduce a Monte-Carlo (MC) scheme to impose a constant sur-
facee tension in the presence of a planar interface [75]. 

Considerr a system with constant number of particles N, constant temperature 
T,, and constant volume V, in which an interface of area A is present. The interface 
givess an additional term in the energy of the system, i.e. the energy associated with 
thee creation of the interface, which is expressed by the surface tension y times the 
areaa of the interface. The work done on the system by compressing or stretching the 
interfacee by dA, is given by [53] dVV = ydA. The partition function for such a system 
cann be written as 

drNexpp [-|3(U(rN) - y A ) ] . (3.14) 
v v 

wheree LI denotes the potential energy, y the surface tension, A the area of the inter-
face,, and (3 = 1/kBT. 

-' -' 

A A 

/ ^ / / 
XX y/ L|| 

Figuree 3.2: Schematic representation of a simulation box for a system with a flat interface par-
allell  to the xy -plane. The area of the interface is A = L: and the box dimension perpendicular 
too the interface (z axis) is L_. 

Considerr a simulation box (see figure 3.2) with edges Lx = Ly = L, parallel to 

QQ = 
l l 

A 3 NN! ! 
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thee interface (xy plane), and L- = L perpendicular to the interface (z axis), so that 
thee system volume is V — L L1 and the area of the interface A = lA We define a 
transformationn of the box sizes which changes the area and the height but keeps the 
volumee constant. Such a transformation can be written in the form 

L'' = AL (3.15) 

wheree A is the parameter of the transformation. By changing A, the above expression 
generatess a transformation of coordinates which preserves the total volume of the 
system,, hence no work against the external pressure is performed. The coordinate 
phasee space has now an extra degree of freedom represented by the parameter A. 
Too write the partition function corresponding to this ensemble it is convenient to 
introducee a set of scaled coordinates s e [0,Ij , defined as 

rr = (L sx,L sy ,L_s; ) . (3.16) 

Byy a transformation of the box sizes with A (equation 3.15) the coordinates of the 
particless rescale as 

1 1 
A2 2 r ' == ( AL, sx,AL sy, v^L^s, ) . (3.17; 

InIn terms of these scaled coordinates the partition function of the system takes the 
expression n 

QQ V ' 
A-^N ! ! 

dA A dsN exp { - |33 ~U(sN;AI - y A ( A l i } . (3.18) 

Thee probability of finding a configuration with scaled positions sN and parameter A 
iss then given by [76J 

N(sN,A)) x exp{-(3 |U(sx;A) - yA(Af }  . (3.19) 

Inn a MC move an attempt of changing the parameter A is then accepted with a prob-
ability y 

exp{ - |33 h j ( s 'N ;A ' ) - yA (A ' l | } 

wheree y is the imposed surface tension. If we choose the particular value y = 0, 
thenn the explicit term depending on the area in equation 3.20 drops. The described 
schemee can be applied to impose any value of the surface tension. It is important to 
remarkk that this scheme assumes that the stress tensor is diagonal, which is true for 
fluidd systems. Since, as we have discussed in Chapter 2, an llamiltonian for the con-
servativee part of the interaction energy in DPD can be defined, it is possible to imple-
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mentt the described MC scheme in combination with DPD simulations. The method 
combiness DPD to evolve the positions of the particles and MC moves to change the 
shapee of the simulation box [75]. A simulation done with this hybrid method con-
sistss of cycles. In each cycle we choose at random whether to perform a number 
off  DPD steps or an attempt to change the parameter A (i.e. the box aspect ratio) by 
6A.. The number of DPD steps to perform when a DPD-type move is chosen is also 
selectedd at random between one and a maximum number of steps Nmax- We have 
chosenn Nmax = 50. The fraction of accepted box shape moves was set at 30%, and 
5AA is automatically adjusted at regular intervals during the simulation to match this 
percentage.. Unless otherwise stated, these are the values used in all the simulations 
presentedd in this thesis. 

ValidationValidation of the constant surface tension scheme 

Too validate the constant surface tension scheme, we performed simulations of a mono-
layerr of amphiphilic dumb-bell surfactants at water-oil interface. The system consist 
off  1400 oil-lik e beads (o), 1400 water-like beads (w), and 200 dumb-bell surfactants 
builtt by connecting via a spring one water-like bead to one oil-lik e bead. The DPD 
repulsionn parameter between beads of the same type was chosen as Q,)0 = QU,W = 25, 
andd the one between different beads as aow = 80. The overall number density of the 
systemm was p = 3. We considered the monolayer with two different initial values of 
thee area, corresponding to a surface tensions of y = 0 and y = 4, respectively. In 
bothh systems we imposed a surface tension of y = 2 and calculated the area and the 
surfacee tension as function of MC cycles. The results are plotted in figure 3.3. In both 
casess the imposed value of the surface tension was already achieved after only 1000 
MCC cycles, and the area of both systems converged to the same value. 

100 0 

555 ' 

3 3 

0 0 
00 100 0 200 0 300 0 400 0 500 0 

MCC cycles 

Figuree 3.3: Area, A, and surface tension, y, as function of MC cycles. The two sets of lines 
correspondd to different initial conditions: area A = 53.8 and surface tension y = 0 (black 
lines),, area A = 101.4 and surface tension y - 4 (gray lines). The plotted values of the surface 
tensionn are running averages of length 100. 
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3.44 Surfac e tensio n in lipi d bilayer s 

Too investigate the system size dependence of the area per lipid on the surface ten-
sion,, we consider bilayers formed by 100, 200, 400, 900, and 1600 lipids to which we 
imposee different values of the surface tension using the above described hybrid DPD-
MCC scheme. The area per lipid, A;, is calculated in our simulations as the bilayer 
projectedd area divided by half the number of lipids that form the bilayer, considered 
that,, on average, there is an equal number of lipids in each monolayer. 

ComputationalComputational details 

Thee lipid model used for these simulations is a double-tail lipid with three head-
beadss and five hydrophobic beads in each of the tails, denoted as h^ft-, (2, and shown 
inn figure 3.4. 

Figuree 3.4: Schematic representation of the model lipid h.3 It-, ij , used in the simulations pre-
sentedd in this section. The black particles represent the hydrophilic head-beads and the gray 
particless the hydrophobic tail-beads. 

Thee interaction parameters between the beads are the ones described in sec-
tionn 2.2 of Chapter 2. Two consecutive beads in the lipid are connected by har-
monicc springs (equation 2.13) with spring constant Kr = 100 and equilibrium dis-
tancee r0 = 0.7. To control the tail flexibility , a bond-bending potential (equation 
2.16)) between two consecutive bonds in the lipid tails was added with bending con-
stantt Ke = 6 and equilibrium angle 9o = 180°. An additional bond-bending potential 
wass applied between the vectors connecting the tails to the headgroup, with Ke = 3 
a n d 900 = 90". 

Thee lipid 113(15)2, with the chosen interaction parameters, self-assemble into a 
stablee bilayer. First a self-assembled bilayer of 100 lipids and 2500 water particles, 
correspondingg to a fully hydrated bilayer, was formed by using DPD steps only, then 
thee bilayer was replicated in the x and y directions (plane of the bilayer) to form bi-
layerss of different size: i.e. of N, =100, 200, 400, 900, and 1600 lipids. In each case, 25 
waterr particles per lipid were considered, resulting in a maximum total number of 
beadss of 60800, in the case of the bilayer formed by 1600 lipids. For each considered 
systemm the overall density was p = 3 and the reduced temperature T' = l. To each 
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off  these bilayers different values of the surface tension were then imposed by apply-
ingg the hybrid MC-DPD scheme, with a probability of 70% of performing DPD steps 
(chosenn at random with a maximum of 50), or to attempt a change of the box aspect 
ratio.. The total number of MC-DPD cycles was 100,000 for each simulation and the 
instantaneouss values of the area and surface tension were sampled every 50 cycles. 

Negativee values of applied surface tension, y, correspond to a compression of the 
bilayer;; y = 0, corresponds to a tensionless, unconstrained bilayer; and positive val-
uess to a stretched bilayer. for each of these values of surface tension and for each of 
thee bilayer sizes considered, the bilayer configuration was the stable state through-
outt the simulation. 

ResultsResults and discussion 

Thee instantaneous value of the area per lipid for a bilayer of 400 lipids is shown in 
figuree 3.5(a), as function of MC cycles and at three different values of imposed sur-
facee tension {one positive, one negative and one zero). All the systems start from the 
samee value of the area per lipid and, after about 20,000 MC cycles, have converged 
too the average values: 'A,;: = 1.50  0.03 for imposed y = - 2, Aj = 1.66  0.02 
forr imposed y = 0, and (A,) = 1.83 n 0.02 for imposed y = 2. The fluctuations of 
thee computed surface tension are very large, though decreasing in magnitude with 
increasingg value of the imposed surface tension. For example, at imposed value of 
yy = -2, the calculated value of the surface tension was -2.0  1.4, at imposed y = 0, 
thee calculated surface tension was 0.0 it 1.3, and at imposed y - 2, the calculated 
surfacee tension was 2.0 = 1.1. Despite these large fluctuations, the average value of 
thee surface tension is equal to the imposed one, as can be seen from the running 
averagess plotted in figure 3.5(b). 

AA further verification that the equilibrium area per lipid does correspond to the 
imposedd surface tension, was obtained by making the histogram of the sampled val-
uess of the area at equilibrium, and by calculating the corresponding average surface 
tensionn in each bin. In figure 3.6 three of these histograms for the bilayer of 400 lipids 
aree shown, relative to negative, zero and positive values of the imposed surface ten-
sion,, respectively. Each of the histograms is computed after the area has reached 
itss equilibrium value, hence the width of the distribution of the area per lipid corre-
spondss to the spontaneous fluctuations at equilibrium. 

Thee average values of y show a linear increase with increasing area. The larger the 
area,, the more stretched is the membrane, corresponding to higher values of the sur-
facee tension, and in correspondence with the maximum in the area distribution the 
surfacee tension is equal to the imposed value. These trends are more pronounced for 
positivee and zero imposed surface tension (graphs (b) and (c) in figure 3.6), while in 
thee case of negative imposed surface tension (graph (a)) there are deviations from a 
linearr dependence of the surface tension on the area. The dependence of the area per 
lipidd on system size, N| , and on imposed surface tension, y, is shown in figure 3.8. 
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Figuree 3.5: (a) Instantaneous value of the area per lipid, AL, as function ofMC cycles for three 
valuess of imposed surface tension y. In figure (b) the corresponding running averages (of 
lengthh 100) of the instantaneous value of the surface tension are plotted. The straight lines 
parallell  to the graph abscissa correspond to the imposed values of the surface tension. The 
datarefertoabilayerof4000 hjftsh lipids. 

Thee area per lipid increases with increasing value of the imposed surface tension, 
forr all the system sizes. Furthermore, the area per lipid at positive or zero surface 
tensionn does not depend on the system size, while if the bilayer is compressed (nega-
tivee values of y), a size dependence of the area is found, and the (projected) area per 
lipidd decreases with increasing system size. For clarity reasons, the projected area per 
lipidd for Nj = 900 and NL = 1600 at the lowest surface tension considered, y = -2, 
aree not shown in figure 3.8, but they were found to be about two times smaller than 
thee value for NL = 400. The reason of these deviations becomes clear by looking at 
instantaneouss snapshots of the two largest bilayers (900 and 1600 lipids) at negative 
valuess of the surface tension, as shown in figure 3.7. In large bilayer patches, like 
thee ones shown in the figure, the lateral compression activates bending modes in 
thee bilayer: the bilayer is not flat anymore, but shows out-of-plane undulations. The 
amplitudee of these undulations increases with increasing system size and with de-
creasingg surface tension. These bending modes are completely suppressed in small 
bilayerr patches of 100 and 200 lipids, and partially suppressed in bilayer patches of 
4000 lipids. Considering that, in most atomistic-detailed molecular dynamics sim-
ulationss of bilayer membranes, the typical number of lipids considered is usually 
smallerr than 200, care must be used when choosing boundary conditions that com-
presss the bilayer. On the other hand, our results suggest that, for stretched or ten-
sionlesss bilayer, small bilayer patches can be considered with no finite-size effects. 
Thiss result partly contradicts the findings of Marrink and Mark [60] discussed in the 
Introductionn to this Chapter. These authors found a system size dependence not only 
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Figuree 3.6: Histograms of the area per lipid AL and corresponding average value of the cal-
culatedd surface tension y (filled circles) in each bin. The three plots refer to a bilayer of 400 
h.3(t.ss )2 lipids with different values of the imposed surface tension: (a) y = -2, (b) y = 0, and 
(c)) y = 2. The values on the graph ordinate refer to y only, while the height of the bins in the 
histogramm is proportional to P(AL), i.e. to the probability distribution of the area per lipid. The 
basiss line of each of the histograms corresponds to the imposed value of y. The average values 
off  the area per lipid, (Ai.), are also reported in the graphs. The error on these values is . 

att negative values of the surface tension, but also for stretched bilayers, and only ten-
sionlesss bilayers were found to display no finite-size effects. It must be pointed out 
thatt the more complex and long range (electrostatic) interactions used in atomistic 
MD,, and not represented in our mesoscopic model, might have an influence on the 
calculationn of the surface tension and on its dependence on system size. 

22 1 
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Figuree 3.8: Average values of the area per lipid at equilibrium, A|, as function of applied sur-
facee tension y, for bilayer patches of different sizes, i.e. number of lipids N,.. The lines con-
nectingg the symbols are only a guide to the eye. 
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(a)) N, 900 y = - l 

(b)) N, 1 600 Y = ' 

(c)) NL = 90Q y = -2 (d) NL = 160Qy = -2 

Figuree 3.7: Snapshots of the equilibrium configurations of compressed bilayers, i.e. with im-
posedd negative surface tension, y, for two, large, system sizes (number of lipids in the bilayer, 
NL).. (a) N| = 900, and y = - 1 . (b) N,. = 1600, and y - - 1 . (c) NL = 900, and y - 2. (d) 
Ni.. = 1600, and y = - 2. Two periodic images (in the x direction) of each bilayer are shown 
too better display the undulation modes. Note that in (b) the bilayer undulations are in both x 
andd y directions, while in (c) and (d) they are only in the x direction. The lipid headgroups are 
depictedd in black, and the lipid tails in gray, with the terminal tail beads (located in the bilayer 
center)) in darker gray. The water is not shown. 
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AreaArea compressibility 

Fromm the dependence of the area per lipid on the surface tension, the hilayer area 
compressibilityy can be calculated. The bilayer area compressibility K.\ is defined as 
[77] ] 

K A = A ( £ | .. (3.21 

Integratingg equation 3.21 we have 

yy = KA !n-^- (3.22) 

wheree Au is the area at the free energy' minimum, i.e. at zero surface tension. Ex-
pandingg equation 3.22 around At, we obtain a linear dependence of y on A 

Y^^IAY^^IA A0! . (3.23) 
A,, , 

Inn simulation, the area compressibility can be calculated from the above equation, 
eitherr by fixing the area of the bilayer and computing the corresponding surface ten-
sion,, or by imposing the surface tension and calculating the area. In this study we 
usee the latter method. If the area is taken as the dependent variable, then, from 3.23, 
wee have 

A - ^ yy + A0 (3.24) 

Too fit the area as function of y using equation 3.24, we used two approaches. The 
firstt one consists in computing the area at different values of imposed surface ten-
sion,, in the regime were the area dependence on surface tension is linear. We found 
thee behavior of the average projected area per lipid to be linear in the applied sur-
facee tension for values of the tension in the range y= [-0.5,1.5]. The second method 
consistss in considering the spontaneous fluctuations at equilibrium, of both the area 
andd the measured surface tension, in a tensionless bilayer, as computed in the his-
togramm shown in figure 3.6(b). The results of both fitting methods are in very good 
agreement:: in both cases we find KAR;:/k|ïT=20.8 from the slope of the fitted lines. 
Also,, a value of 1.66 R̂  is found as the intercept, which is the same value of the area 
att zero surface tension, A„ , as directly measured from the simulation at y = 0. 

Usingg Rc=6.4633 A and taking k|4T as room temperature, i.e. knT = 4.14 10 -11, we 
cann convert the area compressibility into physical units, resulting in KA == 210 mN7m. 
Thiss value is comparable to the value of the compressibility equal to 300 m \ 7m found 
byy Lindahl and Hdholm [77] in atomistic Ml ) simulations of lipid bilayers, and to 
thee values measured by micropipette aspiration experiments which, for saturated 
phosphatidylcholinee bilayers in the fluid phase, are also in the range 230-240 mN/m 
[78]. . 
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3.55 Conclusio n 

InIn this Chapter we have introduced the definition of surface tension, and we have 
describedd the basic formalism and computational technique to compute pressure 
profiless {i.e. the local values of the pressure) in molecular simulations. 

Wee have discussed the necessity of performing simulations of lipid bilayers in an 
ensemblee where the surface tension is one of the thermodynamic variables that can 
bee controlled. To this purpose, we have developed an efficient MC based scheme to 
imposee a given value of the surface tension, of which the zero value, that corresponds 
too the natural state of tension of unconstrained bilayers, is a particular case. 

Wee have then applied this MC scheme to investigate the dependence of the area 
perr lipid on the value of the applied surface tension and on the system size. We 
observedd that out-of-plane undulations are suppressed in small patches of a com-
pressedpressed bilayer {i.e. negative surface tension), while they are not in larger patches. As 
aa consequence, finite-size effects on the projected area per lipid in compressed bi-
layerss are significant. However, for tetisionless or stretched (positive surface tension) 
bilayerss we do not observe any finite-size effect. 

Wee have also shown that the area per lipid has a linear dependence on the surface 
tensionn for values of the latter close to the free energy minimum, i.e. zero surface ten-
sion.. From this linear dependence the bilayer area compressibility was derived, and 
comparedd with experimental and MD simulation values, as well as with the value 
off  area compressibility derived from the spontaneous area fluctuations at equilib-
riumm in a tensionless bilayer. Good quantitative agreement between these values 
wass found. 


