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Abstract

Continuum mechanical tools are used to describe the deformation, energy density, and material
symmetry of a lipid bilayer with spontaneous curvature. In contrast to conventional approaches in
which lipid bilayers are modeled by material surfaces, here we rely on a three-dimensional
approach in which a lipid bilayer is modeling by a shell-like body with finite thickness. In this
setting, the interface between the leaflets of a lipid bilayer is assumed to coincide with the mid-
surface of the corresponding shell-like body. The three-dimensional deformation gradient is found
to involve the curvature tensors of the mid-surface in the spontaneous and the deformed states, the
deformation gradient of the mid-surface, and the transverse deformation. Attention is also given to
the coherency of the leaflets and to the area compatibility of closed lipid bilayers (i.e., vesicles). A
hyperelastic constitutive theory for lipid bilayers in the liquid phase is developed. In combination,
the requirements of frame-indifference and material symmetry yield a representation for the
energy density of a lipid bilayer. This representation shows that three scalar invariants suffice to
describe the constitutive response of a lipid bilayer exhibiting in-plane fluidity and transverse
isotropy. In addition to exploring the geometrical and physical properties of these invariants,
fundamental constitutively-associated kinematical quantities are emphasized. On this basis, the
effect on the energy density of assuming that the lipid bilayer is incompressible is considered.
Lastly, a dimension reduction argument is used to extract an areal energy density per unit area
from the three-dimensional energy density. This step explains the origin of spontaneous curvature
in the areal energy density. Importantly, along with a standard contribution associated with the
natural curvature of lipid bilayer, our analysis indicates that constitutive asymmetry between the
leaflets of the lipid bilayer gives rise to a secondary contribution to the spontaneous curvature.
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1 Introduction

Biomembranes are essential to the functions of cells, bacteria, and viruses (Harrison and
Lunt 1975, Yeagle 2001). Basic to all biological membranes are lipid bilayers, which are
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thin, sheet-like structural elements composed of two adjacent monomolecular leaflets joined
by weak, noncovalent bonds (Bretscher 1973). In the liquid phase, lipid bilayers are very
flexible in bending but highly resistant to lateral stretching (Bloom 1991). The architecture
of lipid bilayers hinges on the amphiphatic chemical properties of the constituent
phospholipid molecules (Tanford 1980). Such molecules consist of hydrophilic head groups
and hydrophaobic tails. When suspended in aqueous solutions under suitable temperature
conditions and at appropriate concentrations, they form various self-assembled complexes
with hydrophobic tails facing one another and hydrophilic head groups in contact with the
solution (Lasic 1988). These complexes include closed bilayers, known as vesicles or
liposomes, which are typically a few nanometers thick and can range between fifty
nanometers and tens of micrometers in diameter (Luisi and Walade 2000).

Biomembranes are generally heterogeneous multi-component systems involving hundreds of
lipid species along with various proteins and hydrocarbons. The inherent complexity of such
systems has driven the development of biomimetic model systems (Chan and Boxer 2007).
These model systems include Giant Unilaminar Vesicles (GUVs), which may be composed
of as few as two lipid species and a single type of cholesterol. Aside from providing
platforms for focused investigations of processes mediated by biomembranes (Lipowsky and
Sackmann 1995, Peetla 2009), GUVs are of potential value in various pharmaceutical and
technological applications, including biocompatible microcapsules for targeted drug delivery
and gene therapy (Allen and Cullis 2004, Attama 2011), adjuvants for immunization (Latif
and Bachhawat 1984, Gregoriadis et al. 1996), signal carrying and enhancement in medical
diagnostics and analytical biochemistry (Gomez-Hens and Fernandez-Romero 2005,
Edwards and Baeumner 2006), and biochemical reactors (Tsumoto et al. 2001, Fischer et al.
2002, Michel et al. 2004, Vriezema et al. 2005).

Lipid bilayers readily change shape in response to shifting osmotic and thermal conditions
and applied mechanical loads (Lipowsky 1995). Efforts to model such shape changes date
back somewhat more than four decades. Canham (1970) emulated the methodology
commonly applied in the bending analysis of beams to yield a simplified model capable of
predicting the shapes available to a red blood cell. Treating a cell membrane as a surface,
Canham (1970) showed that the shapes it manifests in equilibrium emerge as a consequence
of bending-energy minimization. Independently, Helfrich (1973) attributed a surface
bending-energy to lipid bilayers. In the models of Canham (1970) and Helfrich (1973),
energy changes induced by relative molecular misalignment are incorporated through
deviations of the principal curvatures (or alternatively, the mean and Gaussian curvatures) of
the surface that serves as a proxy for the lipid bilayer. Specifically, according to Canham—
Helfrich theory, the bending-energy density (that is, the energy per unit surface area) is
given by

l//:%K(H —H)*+ kK, ()

where Hand Kare the mean and Gaussian curvatures, respectively, and H, is the
spontaneous mean curvature, which embodies the curvature of the bilayer in its natural state.
In (1), changes of Hand Kare respectively penalized by bending moduli k and ., known,
respectively, as the splay (or ordinary) and saddle-splay (or Gaussian) moduli. As the
brothers Cosserat (1909) noted in their work on elastic surfaces, Germain (1821) previously
derived a energy density quadratic in the mean and Gaussian curvatures equivalent to (1)
and the particular case corresponding to zero spontaneous curvature (H, = 0) was obtained
by Poisson (1812). See also the historical remarks of Nitsche (1993).
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The Canham-Helfrich energy is perhaps the simplest model believed suitable to situations
where the shape of the lipid bilayer is dominated by bending and the radius of curvature of
the lipid bilayer is much larger than its thickness. It can nevertheless be argued that (1)
neglects energetic contributions associated with changes of local area or thickness and
merely considers the lipid bilayer as a two-dimensional fluid surface that resists curvature
deviations. Moreover, the Canham-Helfrich theory does not allow for changes in overall
area. This constraint is imposed by adding a term proportional to the area of the surface that
models the lipid bilayer to the net bending-energy determined by integrating (1) over that
surface. However, as is clear from the discussion of the global and local area preservation
provided by Steigmann et al. (2003), this approach does not rule out the local area changes.
Importantly, local area or thickness changes can occur in the vicinity of phase interfaces in
multi-component lipid bilayers or heterogeneities such as protein molecules (Israelachvili
2011).

In contrast to an elastic shell, a lipid bilayer in the liquid phase does not have the ability to
resist in-plane shear forces. This is because the lipid molecules may move freely within a
lipid bilayer. Due to the absence of preferred directionality tangent to their surfaces in the
liquid phase, lipid bilayers also exhibit in-plane isotropy. Bearing in mind that the general
theory of elastic shells allows for a broad range of possible material symmetries, any shell-
like model for a lipid bilayer should be consistent with the observed in-plane fluidity and
isotropy. Working in the context of modern shell theory, Jenkins (1977) derived the general
equations governing the mechanical equilibrium for a shell with material symmetry
consistent with that of a lipid bilayer. Steigmann (1999) subsequently reconsidered the
mechanical modeling of fluid films with bending elasticity from a fundamental perspective.
By treating the lipid bilayer as a two-dimensional (inviscid) fluid and choosing the full set of
two-dimensional unimodular transformations as the appropriate material symmetry group,
Steigmann (1999) obtained a general energy density depending not only on the mean and
Gaussian curvatures Hand Kbut also on the areal stretch J The areal stretch Jrepresents
local expansion/contraction within the tangent plane of the bilayer. Since a lipid bilayer
shows no resistance to in-plane shear forces, but rather only to the local area changes, the
areal stretch Jis the sole kinematical ingredient needed to reckon in-plane deformation of
the lipid bilayer. A new free-energy density for biomembranes, based on treating the lipid
bilayer as a three-dimensional body rather than a two-dimensional surface, was proposed by
Zurlo (2006) and Deseri et al. (2008). An important feature of the formulation of these
authors involves the introduction of a symmetry group that describes in-plane fluidity and
isotropy at the level of the bulk, three-dimensional, material. However, a proof of the
corresponding representation theorem was not provided. Additionally, the analysis of Zurlo
(2006) and Deseri et al. (2008) is based on considering a flat reference configuration, which
means that spontaneous curvature is tacitly assumed to vanish. Following a dimension
reduction from a three-dimensional shell-like structure to a two-dimensional material
surface, Zurlo (2006) and Deseri et al. (2008) obtained the superficial energy density per
unit area of the reference surface.

Several explanations for the existence of spontaneous curvature have been reported in the
literature. Spontaneous curvature is believed to be a measure of the extent to which the
upper and lower leaflets of the lipid bilayer are asymmetric (Seifert 1997). Asymmetry may
arise due to differences between the molecular compositions of the leaflets, different
properties of the aqueous solutions adjacent to the sides of the lipid bilayer (Dobereiner et
al. 1999), or interactions with a cytoskeleton (for a review see McMahon and Gallop 2005).
For instance, the presence of molecules with different headgroup or tailgroup conformations
can lead to spontaneous curvature (McMahon and Gallop 2005). Asymmetry between the
upper and lower leaflets of a bilayer can also be caused by helix insertion, scaffolding,
transmembrane proteins, and clathrin coating (McMahon and Gallop 2005, Mashi and
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Bruinsma 1998, Agrawal and Steigmann 2009). Importantly, the presence of different
species on a lipid bilayer is not generally sufficient to generate non-zero spontaneous
curvature. In fact, spontaneous curvature appears to arise only when the flip-flop diffusion
of unlike molecules between two leaflets is very slow compared to other time scales
underlying shape changes. Numerical models of vesicles that incorporate spontaneous
curvature reveal novel predictions of equilibrium shapes that appear to agree more closely
with experimental observations (Luisi and Walade 2000, Wintz et al. 1996, Mutz and
Bensimon 1991, Michalet and Bensimon 1995) than otherwise.

In the present paper, continuum mechanical tools are used to study the deformation, material
symmetry, and energy density of a lipid bilayer with spontaneous curvature. Attention is
restricted to lipid bilayers in the liquid phase. Inspired from Zurlo (2006) and Deseri et al.
(2008), these thin structural elements are treated as three-dimensional bodies rather than
material surfaces. Specifically, the formulation encompasses bending, in-plane stretching,
and thickening/thinning of the bilayer. It also enables characterizations of leaflet coherency
and area compatibility; whereas leaflet coherency concerns the local coupling or sliding of
upper and lower leaflets, area compatibility concerns the integrity of closed lipid bilayers
(i.e., vesicles). After discussing geometry and kinematics, constitutive behavior is
considered. Treating the lipid bilayer as a three-dimensional body leads not only to more
precise understanding of the deformation of lipid bilayers but also affords insight regarding
the material symmetry of lipid bilayers from a bulk material perspective. In particular,
stipulating that the lipid bilayer is hyperelastic and invoking suitable material symmetry
requirements leads to a representation for the energy density of a lipid bilayer. In addition,
the impact of imposing the notion of incompressibility is considered. Finally, dimension
reduction is used to derive an areal (two-dimensional) energy density from the three-
dimensional energy density. As such, it includes the Canham—Helfrich energy density as a
particular case. More broadly, however, it incorporates possible asymmetry and incoherency
of the leaflets.

2 Geometry and kinematics

2.1 Basic considerations

Consider a lipid bilayer, either closed or open, represented by a three-dimensional body B
(Figure 1). Suppose that the lipid bilayer is in its spontaneous (natural) state. Assume that
the thickness of the bilayer in that state is uniform. Allow, however, for the possibility that
the upper and lower leaflets may have different, but constant, thicknesses 5 and j_,
respectively, in which case the thickness of the bilayer in its spontaneous state is simply
h+ng. 1tis useful to introduce a reference surface separating the leaflets. This surface is
referred to as the mid-surface and is denoted by S. The unit normal vector on S, directed
outward from the region enclosed by the vesicle, is denoted by m (Figure 1). The curvature
tensor of the mid-surface S, is denoted by T, as defined in (179),1 and is referred to as the
spontaneous curvature tensor. Furthermore, H, and K denote the corresponding spontaneous
mean and Gaussian curvatures, as defined in (180). It is assumed that S, does not intersect
itself. Additionally, ,* and p,; are assumed to be sufficiently small relative to the radius of
curvature of S, to ensure that the inner and outer surfaces of lipid bilayer S' and S’ do not
fold back on themselves. A generic material point X located on a material surface Sz in B
can then be uniquely described using its projection i onto S, and a local coordinate

& € [—h;, k] that reckons the normal between X and x specifically,

170 streamline the presentation, the precise definitions of [, and various other useful geometrical objects are relegated to Appendix

Al
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Consider a deformation x that maps the lipid bilayer in its spontaneous state into the
observed space. Under ¥, the reference placement of the body B, midsurface S,, and the
normal m to S, map to the observed placement 3, mid-surface .o, and unit normalm to .o,
respectively (Figure 1). The curvature tensor of the surface o is IL, as defined in (179), with
corresponding mean and Gaussian curvatures Hand K; as defined in (181). In general, the
thickness of the deformed bilayer may be nonuniform. As is customary, it is assumed that
the deformation x is such that the images &, 1 and.o°of S, §, and .7° (see Figure 1) do
not fold back on themselves. Hence, there is, for each x in 3, a unique X in Bsuch that x =
X(X). In view of (2), the spatial point x can be described as

x=x (X) =Ff()?,§o), XeSoéoe[-h, k. @
The deformation gradient describing the local distortion of Bis given by
F=Vy(X), @
where indicates the gradient in the reference space.

Consider a material point Xg,on S, along with a generic point X located at a normal
elevation zfrom S . Since the tangent planes 7. and 7, at the points x and Xg, are parallel
(see Figure 1), the unit normal m on &, is also normal to S, and, hence, can also be viewed
as a function defined on S,. Thus, bearing in mind that X coincides with Xg_ for z=0, X

can be expressed as X=X, +zm (Xg) The spatial point x corresponding to X, can thus also
be described via

= (X)=x(Xe2), @

where Xg, S, and z € [(—-h; — &), (hi — &)] In view of (5), the deformation gradient F
for a material point located on S, can be expressed as

I (R )
F=Vx|,-0= VSeo X +3—Z ®m ’ ., (6)
=

where & indicates the surface gradient on S, defined as
V., *leo=(V ¥leo) P, )

where P, =1 — m ® m iS the projection tensor onto the tangent plane 7 (or, equivalently
Te)-

Consider a material line element dX, tangent to the surface S, and the corresponding line
element dxg, tangent to the spatial image .7, of S¢.. According to the description of x in (3),
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dxg, =dx ()? , fo) |¢,=constant

= (V}(S(\, fo) |§c:constant) dS(\

= (V;(X\, fo) |§O:C0nstant) IP]l’l’ld/X\
= (VSOBF(Y, fo) |fo=constant) dX,

®)

where g indicates the surface gradient on S, as defined by
VSOF-XV(Ys §O) |&,:constant= (W(Y, 50) |Eozconstant) ]Prrn 9)

Similarly, for the description given in (5) we have

dxe, (V x (Xfw Z)) l=0dXe,
vV x (ch, Z)) |z=0]Pde§o (10)

Vs, * (Xf Z) |z:0) dXe,.

Comparing (8) and (10) yields the identity
(ngo ; |z:0) deo = (Vsoﬂgozconstant) dS(\ (11)

Using (2) and elementary properties of the curvature tensor ,_ (see (179)) it is easy to arrive
at the identity

dXs, =dX+&.dm
=dX — &, L.dX,

(12)
which, on introducing
$O:Pm - foLOy (13)

can alternatively be written as

dXg,=$.dX. (14)

Notice that 5% is a tangent line element on S, at the point x. Since the tangent planes 7, and
Tg, are parallel, dXg, and g3x can be viewed as elements of the same tangent space, say 7..

The tensor $, defined in (13) is fully tangential (see Appendix A.1 for the definition of such
a tensor) and, thus, can be viewed as a mapping from 7.to 7.. By (13), the second principal
invariant /($.) of $. can be expressed as

L($) =3[ ($)* -1 ($2)]
1

— 2 Ho+E%K,. (15)

1
Let ¢ and ¢, denote the principal curvatures of S, so that H. =5 (co1tco2) and K. = ¢ Cp.
Then, by (15),

L($)=(1 - oco) (1 —&oce2) . (16)
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Granted the assumption (imposed to ensure avoiding folding back of outer and inner
surfaces S and S on themselves) that the thicknesses 5, and - of upper and lower leaflets
are very small relative to the radius of curvature of S, & must satisfy

&oCoq £ 1, a=1,2, a7

and (16) implies that 4 ($.) # 0. Thus, as described in Appendix A.2, $. has a pseudoinverse
Q. given by

Qo=(L ($.)) " (11 ($o) P — $),  (18)
where

I ($0) =tr (P — &Lo)

=2(1-&H) @9

is the first principal invariant of $., and, since, as noted above, dXg, and gx can be viewed as
elements of the same tangent space, (14) is equivalent to

dX=Q.dX:,. (20)

As regards @, it is convenient to introduce
Yo (é':o) =12 ($o) (21)
and, thus, using (13), (15), and (19) in the representation (18) yields

Qo=(yo €)' (P — 26 Ho P+ LLo) . (22)

Bearing in mind (14), (11) can be expressed as
(ngo )_C |Z:0)dX§o: (Vsoﬂfo:constant) Qongo. (23)

Since (23) holds for an arbitrary line element dX¢,, we conclude that

VS&, } |Z:O: (VSOSC—l-fo:COIIStant) Qo- (24)
The second term on the far right-hand side of (6) includes the normal derivative (VX) m, as

is clear from (176). Notice that, according to the descriptions X=3?(3(\, fo) and X=?(§gc,z),
changes of x in the m direction are controlled by &, and z, respectively. Thus,

_0x
(Vx)m =9
_ox
iz

(25)

which, in combination with (6), implies that the deformation gradient F may be written as

F=(V, %) Qﬁ% ®m. (26)
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2.2 Orientation of phospholipid molecules at the mid-surface

Compatible with physical observations of amphiphilic fluid films, we assume that, due to
interatomic interactions and packing requirements, the phospholipid molecules comprising
the bilayer tend to remain perpendicular to the mid-surface S,. This constraint is embodied
by the kinematical requirement that: during a deformation, straight line elements
perpendicular to S, rermain straight and perpendicular to s, (Figure 1). This assumption
resembles Kirchhoff's (1850) hypothesis in theories of thin plates and shells. However, at
variance with that hypothesis, the kinematical constraint imposed here does not restrict the
through-thickness deformation of the lipid bilayer.

To provide an analytical characterization of our constraint, it is useful to represent a generic
spatial point x in the deformed body in the form x=x+¢&mn (%), where § indicates normal
distance of x from ¢~ Since x is the image of X in the observed space, and also X can be
described by ¥ and &, through (2), the out-of-plane coordinate & in the body can be
expressed in the form

&=E(X.8). @)

Moreover, as a result of the constraint, the projection - of x onto ¢, coincides with the
placement of the spatial image of the material point g on / (Figure 1). Consequently,
bearing in mind (26) and (27), it transpires that

0 (X+¢&m)

F= (VSO (i+§m)) Qo+ 2.

®m, (28)

where Vs, (X+&n) and 0 (X+£mn) /0, are given by

V, (X+ém) =V, X+£V, n+n®V, £ (29)

and
d(x+ém) 0t
2 PR TS n, (30)

respectively.

It is now convenient to introduce some shorthand notation. Specifically, given a quantity g
dependent either explicitly or implicitly on &,, let

8lo :=gle,=0  (31)

denote its value at the referential mid-surface S.. With this convention in mind, and
according to the definition of surface gradient of a vector field provided in Appendix A.1,
we have

V.X =(Vx)|.Pm
=F|.Py, (32)
= Fo’

where Tr_, which designates the superficial deformation gradient on the mid-surface S., maps
material line elements on S, to spatial line elements on .

Having introduced ., the areal stretch
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J=hL(F;) (33
represents any changes in the area of the mid-surface that may accompany deformation.

In general, n is a superficial field defined on o~ —that is, m can be expressed as a function of
points % on &~ However, n may be extended to all of B. In particular, consider a normally
constant extension n’ of m. Then, in view of developments presented in Appendix A.1,

Veom =(Vn® (x (X)) [oPm
= (Vamt® (X)) le= VXl P, 9
where  indicates the spatial gradient. Next, using properties of the surface gradient (see
(175),), we have

on°¢ (x)
3

Vi’ (X) =V, (%) + ®n‘(x), (35)

and, since m°® does not change in the &-direction, we arrive at the identification

(Vant () 16=0 = (V. 1 () le=0
V., n (36)

=—1L.
In view of (32) and (36), v, as defined by (34), can be expressed as

Vimn =-L(VX)|.Pm

= —LF,, @

which, in combination with (28), yields a useful alternative representation,

0
F= (]Fo —¢éLF.+n® V%f) Qo+a—§:m ®m, (38)

for the deformation gradient.

Notice that, for a trivial deformation (that is, a deformation for which F = 1 everywhere on
B),n, L, _, and & are given by n=m, [ =T, F,=P,,, and & = &. Under these
circumstances, bearing in mind (22), (38) specializes to

F =(yo (&) (P — €olLo) (P — 26 Ho Py +£,1Lo) +m ® m

—(1 - 26 Hot€2K.) " X (Pon - 26 H.P o #282H, Lo - £212) +m@m. &

Further, on applying the Cayley—Hamilton theorem (see Appendix A.2) to the spontaneous
curvature tensor T, (39) becomes

F=Pp+m®m=1, (40)

which is consistent with what must be true under a trivial deformation. Moreover, it can be
immediately checked that (38) reduces to a result of Zurlo (2006) and Deseri et al. (2008)
when the spontaneous curvature vanishes (in which case, (18) reduces t0 Q=P .
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2.3 Transformation of normal vectors

If the thickness of the lipid bilayer in the spatial configuration is not uniform, the unit
normal vectors of its outer and inner surfaces .#”° and .+ may differ, respectively, from the
mid-surface unit normal m and its negative —m. In this case, let the unit normal vectors of
inner and outer surfaces of bilayer in the reference and the spatial configuration be denoted
by m'= — m, m°=m, and ni, n°, respectively. Whereas ni and n° must transform according to

F ™m

n= — ,
[F-Tm] |z, s

(41)

wherein n and m take the values consistent with
(n,m) = (ni, mi) or (mm)=(°,m°), @2

n transforms according to

Foel x Foe? 43
n="————-,

Fool x Foe?| )
for any two linearly independent tangent vectors ¢! and 2 on the mid-surface .
Substituting (38) into and (41) and invoking (43) shows that n and n differ unless

Vs Ele=nz = 0, (44)

meaning that any change of bilayer thickness on the spatial mid-surface &~ must be
negligibly small. However, since this need not be the case, it is important to maintain a
distinction between n and n. Existing two-dimensional approaches based on modeling the
lipid bilayer as a material surface, as exemplified by the theory of Steigmann (1999), work
solely with n.

2.4 Coherency of leaflets

The extent to which the upper and lower leaflets are coherent across the mid-surface S, may
influence the mechanical response of of a lipid bilayer (Fischer 1992, BoZic et al. 1992,
Wiese et al. 1992, Seifert 1997). When lipid molecules of opposite leaflets are interdigitated,
their connection is very nearly coherent (Elson et al. 2010). If this is not the case, the leaflets
may slide relative to one another. To describe leaflet coherency, consider the Hadamard
compatibility condition at S,. Let F* and F~ denote the respective limiting values of the
deformation gradient at S, from the outer and inner sides of the bilayer. To facilitate the
calculation, we will introduce some notation. Given a quantity g with potentially different
limits on either side of the referential mid-surface S,, define its jump [[&]] and average (g) at
S, by

1
[el:=g¢"-5, (g := 5 (g7+g7). o)

In view of (38), the jump [F1 of the deformation gradient at the mid-surface (i.e., at €, = 0),
is given by

0
[F]=[TF.]+ l[%]] n®m. (46)
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For [F,=0, (46) represents the Hadamard condition for a coherent surface. This condition
corresponds to the local interdigitation or coupling of the leaflets. However, for [F.] # 0,
the mid-surface is an incoherent interface across which the leaflets may slide relative to one
another. In general, [9£/0¢,]]. need not vanish—as occurs if the lipid bilayer is not
symmetric and its constitutive properties are discontinuous across the mid-surface S.. As
mentioned earlier, a disparity between the molecular compositions of the leaflets is a
potential reason for the existence of spontaneous curvature. For lipid bilayers with such
induced spontaneous curvature, the jump [9&/0¢,]|. therefore does not generally vanish.

2.5 Area compatibility

For closed lipid bilayers, an additional global compatibility condition becomes important.
During the deformation of a vesicle, whether or not the leaflets are coherent, their bounding
surfaces at the common interface (what is called here mid-surface) must share the same area.
Otherwise, the leaflets may loose their integrity. In view of the definition (33) of the areal
stretch, this condition can be codified in the form

J, V1dA.=0, @7

where, bearing in mind (45)1, [/ denotes the jump of the areal stretch at the mid-surface S,
and dA, represents the referential area element of S..

3 Energy densities

Any change of energy that accompanies a change in the shape of a lipid bilayer must be due
to the displacement of neighboring phospholipid molecules. Various types of lipid
molecules with different physical properties can be present in a lipid bilayer. As long as no
phase separation occurs and, thus, the chemical energy remains fixed, any energy change
can be attributed to purely mechanical phenomena. In this setting, a multi-component
biomembrane can be viewed as an effectively homogenous body. For a single-component
lipid bilayer, no such assumption is needed.

Molecular displacements are accompanied by changes in the amount of elastic energy stored
within the lipid bilayer. This is modeled by introducing an energy density W (per unit
referential volume) as a function 7 of the deformation gradient F, so that the lipid bilayer is
modeled as a hyperelastic material:

W=W (F). (48)

As in the case of a conventional elastic body, we require that the energy density of a lipid
bilayer has a local minimum at the spontaneous state:

W(F) has local minimum atF=1. (49)

Also, since the energy density of each material point may be additively scaled (Gurtin et al.
2010), we impose, without loss of generality, the normalization

W (1)=0. (50)

Zurlo (2006) and Deseri et al. (2008) studied the chemo-mechanical coupling of a lipid
bilayer undergoing phase separation and elastic deformation. Under these circumstances,
would also be a function of species concentrations and, potentially, also their gradients,
which would penalize the formation of phase interfaces on the bilayer.
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Requiring the energy density in (48) to be frame-indifferent leads, in conventional fashion,
to the conclusion that it may depend on the deformation gradient through at most the right
Cauchy-Green tensor C = FTF, whereby (48) is replaced by

W=w (C). (51)

An important point concerning leaflet asymmetry should now be clarified. An asymmetric
distribution of lipid molecules with different molecular shapes requires the shape of the lipid
bilayer in its natural state to be curved (McMahon and Gallop 2005). This effect might be
modeled by allowing for nontrivial spontaneous curvature ,_. There is also considerable
evidence pointing to marked differences between the chemical compositions of lipid
molecules in the inner and outer leaflets of animal cells (Luckey 2008, Janmey and
Kinnunen 2006, and Devaux and Morris 2004). Observed differences in mechanical
properties (Janmey and Kinnunen 2006) might therefore be attributed to differences in
molecular packing, chemical composition, or both. To encompass differences in the
mechanical properties of the leaflets, it might be sufficient to allow the expression

determining the energy density function yy to be distinct in each leaflet.

4 Material symmetry

The constitutive relation (51), which holds for all hyperelastic materials, is very general. To

incorporate the properties of a lipid bilayer, the response function y, must obey certain
requirements of material symmetry. Two distinguishing features of biomembranes are in-
plane fluidity and in-plane isotropy. Specifically, experimental observations demonstrate
unambiguously that phopholipid molecules on the surface of a lipid bilayer in the liquid
phase can freely migrate. Additionally, there is no preferred direction in the tangent plane of
its mid-surface and therefore the lipid bilayer exhibits in-plane isotropy. In view of these
observations, when modeled as three-dimensional, a lipid m bilayer is like a transversely
isotropic material with m being the axis of isotropy and Sg, being the surface of isotropy,
where the range of &, covers the thickness of the lipid bilayer. Bearing this in mind, we next
derive an appropriate representation theorem for an energy density which correctly
incorporates both in-plane fluidity and transverse isotropy. To achieve this, it is necessary to
determine a proper unimodular symmetry transformation H of the reference configuration
which the leaves response of the body to deformation unchanged. As is customary, the set of
all such symmetry transformations is designated by ¢ and is referred to as the symmetry

group.

4.1 Symmetry transformations

Let H be a a symmetry transformation. To encompass the transverse isotropy of the lipid
bilayer, H should preserve the direction of any material line element parallel to m. In
addition, it is necessary to require that H preserve the length of any material line element
parallel to m. If H does not do so, the phospholipid molecules deform along the direction of
the tail groups and, consequently, their physical characteristics will generally change. These
two requirements simply imply that H should map any normal material line element to itself.
Consistent with the in-plane fluidity of lipid bilayers, H should also map any material line
element perpendicular to m to a material line element perpendicular to m. Thus, given a unit
normal vector m, H should satisfy
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Hm=m,
if e-m=0 then He - m=0, (52)
det H=1.

Under a symmetry transformation, the deformation gradient F becomes FH and, hence, the
right Cauchy—Green tensor C becomes HTCH, while the energy measured by the response

function y, must be invariant:

W (HTCH)= W (C). (53)

As a first step toward determining a representation for the symmetry group ¢ consistent
with (52) and (53), choose two arbitrary linearly independent tangent vectors ¢, and ¢,
satisfying ¢, - m=e,m - =0 and, therefore, belonging to the tangent space 7g,. Without loss
of generality, H can be represented as

H=c¢| ®f+e; ®g+m®h, (51)

with f, g, and h being linearly independent. Since
(e ®f+e; @ g+rm @ h)m=(f- m)e + (g m)er+ (h - m)m and ¢, and g, are linearly
independent tangent vectors, (52); implies that f and g must obey

f-m=g -m=0 (55)
and, hence, must be tangent vectors and that h must obey
h-m=1. (56)

Next, since (e; @ f+e, ® g+m @ h)e=(f - e) e+ (g - e) e+ (h - €) m for any tangent vector e,
on defining a; =f - eand a, = g - €, it follows that

He=a e ;+aze+(h-e)m. (57)
However, by (52),, h must satisfy
h-e=0, (58)

which, in combination with (56), yields h=m. Thus, H must admit a representation of the
form

H=H+m®m, (59
where, bearing in mind (55),
H:=e¢®f+e:®¢g (60)
is a fully tangential tensor and therefore obeys

Hm=HTm=0,
H=P, H=HP,,=P,,HP,,. [

Notice that, granted the representation (59) for H, the condition (52)3 is equivalent to the
following condition on H:
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4.2 Representation theorem for the energy density of a lipid bilayer

Observe that the right Cauchy-Green tensor C can be expressed in the form
C=C+v@®m+mev+(m-Cm)mem, (63)
where C is a fully tangential tensor defined by
C=(FPy,)" (FP,) =P, CPy, (64)
and v is a tangent vector belonging to 7, defined by
v=Cm — (m - Cm)m. (65)

In view of (51) and (63)—(65), the energy density I4/can be expressed as a function yj
depending on C, v, and m - Cm:

W =W (C)

=W (C,v,m - Cm). (66)

Additionally, by (59) and (63), HTCH can be expressed as
H'CH=-H'"CH+H'v®@m+m@ H'v+ (m - Cm)m®m, (67)
and, hence, the symmetry property (53) takes the form
WH CHH'v,m - Cm)=W(C,v,m-Cm). (68)

Being fully tangential (see Appendix A.1), C and H can be viewed as mappings of the
tangent space 7, into itself, in which case the transformation rule

C—->HTCH (69)

can be interpreted as one involving tensors that map the tangent space T, into itself.
Similarly, since v belongs to 7, the transformation rule

v—o H'v (70)

Page 14

can be interpreted as one involving two-dimensional referential tangent vectors belonging to

Ts,.

)

Consider the subgroup of the unimodular group comprised by all rotations in the tangent

plane with normal vector m. Bearing in mind that, like C and H, any element of that

subgroup can be viewed as a mapping of the space of two-dimensional referential tangent
vectors into itself, a representation theorem due to Zheng (1993) can be applied to arrive at

the following representation for the energy density:
W=W (I, (€).L(C),v-v,v-Cv.m-Cm). (71)

However, since, by (63),
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v-Cv=det C — (m - Cm) L (C) +I; (C) [v -v—(m- C]m)z] , (72
(71) can be written as

W= V;/(Il (©),L(C),v v,det C,m-Cm). (3

The five arguments of y, are mutually independent. To see this, first, notice that the tensor C
has six independent components and, hence, that the decomposition in (63) defines three
independent quantities C, v, and m - Cm. Since C is symmetric, it admits a spectral
decomposition

C=w;it] ® t1+wrtr ® to (74)

involving eigenvectors w; and w; corresponding, respectively, to eigenvectors ¢, and ¢,
tangent to 7g, with the property ¢, x ¢,=m. Additionally, in terms of the basis {¢,, t,}, v can
be expressed in the form

v=v1ttvaty, (75)

where vy denote the component of v in the ¢, direction (a = 1, 2). Also, since m - Cm
indicates the component of C in the in the direction perpendicular to the tangent space 7, it
can be chosen independently of the remaining arguments. Put 7=m - Cm, bearing in mind
that, since C is positive-definite, T must obey T > 0. The arguments of (73) can then be
expressed as

I (O) =w+ws,

L (C) =wiws,

v - wzv?ﬂ%, (76)
det C=wjwat — wlvé - wzv%,

m - Cm=r.

Since wq, Wy, U1, L,2, and T are independent, (76) can be used to show that the numbers
I (©), I, (C), det C, and v - Cv, m - Cm can be varied independently.

We next show that, of the five arguments We which upon y, may depend, as indicated on
the right-hand side of (73), only , (C), det C, and m - Cm are invariant under any
unimodular symmetry transformation H consistent with (61) and (62). This elucidates the
distinction between the symmetry properties of a lipid bilayer with in-plane uidity (that is, a
lipid bilayer with symmetry group consisting of all fully tangential unimodular
transformations H) with those of a solid transversely isotropic about m. For further insight
regarding the symmetry properties of fluid films and transversely isotropic solids due,
respectively, to Steigmann (1999) and Green and Adkins (1970) are particularly relevant.

To substantiate the foregoing assertion, choose orthonormal unit tangent vectors ¢, and e,
spanning the tangent space 7. A generic tangent vector v in (73) can be represented in the
form y=2,e,+1,e, With A7 and A, being scalars. Without loss of generality, assume that ¢,

is chosen in the w direction, so that ¢; =y /|v| T0 show that W can depend at most on 7, (©),
det C, and m - Cm, it sufficies to: (i) show that they are invariant under all unimodular
symmetry transformations of the kind described in (52), and (ii) find specific tranformations
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under which 7, (©)and v - v are not properly invariant. Bearing in mind (52)3, (59), (61)1,
and (184), it is straightforward to show that, for any H satisfying (52),

det (HTCH) =det C,
m - HTCHm=m - Cm.

LHTCH) =L (0),
} (7

Consider, now, the tensor

Hi=e; ® e1+e2 @ er+ae; @ €y, aeR (78
which satisfies (61) and (62) for all choices of the parameter a. Then, since

L (H]CH, ) = (©) +¢ (@), (79)

With ¢ (@) =20 (e - Cez) +o (2 - Ce,), and since

Hv-H{v=v-v, (80

‘;V must obey
W (O +e(@), v v, )=WUT (0),,v- v, (6

for all . It is possible to choose a in (81) such that o (@) =vI; (C) for an arbitrary v = 0.
Also, on defining x := 1, (©)and y := (1+v) I; (C), fixing [, (©), v - v, det C, and m - Cm,

and defining fvia £ (x) :=W (x, 1, (©),v - v, det C, m - Cmn), it is evident that £)) = ).

Hence, since xand y may be chosen arbitrarily, fmust be constant. It follows that W must be
independent of the argument 7, (C). Next, consider the tensor

1
Hy=fe, ®®1+E<B2 ® e, BeR, B#0, (82

which satisfies (61) and (62) for all choices of the parameter 8 # 0. Then, since

Hjwv- H;wzﬂzw -V, (83)

v;/ must obey

w (.,ﬁzv V.- .)= W (,v-v,--) (84)

for all B # 0. On choosing B in (84) such that 8°=(v - v)™, it follows that W must be
independent of the argument v - v. Consequently, we conclude that the energy density W of
a lipid bilayer must admit a representation of the form

W=0 (A, %, .73), (85)
with

F1=2 (C), HH=detC, #=m - Cm. (86)
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5 Kinematical discussions

With the representation (38) for the deformation gradient F, the right Cauchy—Green tensor
C = FTF can be expressed as

C=Q.C.Q.
- %QoFZ]L]Fo Qo
+E2Q.FIL*F. Qo
+(QeY,.6) @ (Q.V,.€)
+7 (@7, em

+m ® (Qovso‘f))

2
+(:§)) m ® m,

(87

where we have introduced
Co=F!F,. (88)

In addition, on comparing (64) and (87), it follows that the fully tangential tensor € can be
expressed as

C=QoCoQs — 26QuFILF, Qo+ QuFI L FoQt (QoV,,£) ® (QuV, €).  (89)

5.1 The invariants 7, 7, and 7

Prior to formulating specific constitutive relations, it seems necessary to understand the
geometric properties of the invariants .7, .#,, and _z, entering the representation (85) of the
generic energy density for a lipid bilayer.

5.1.1 The invariant #;—We now show that the invariant .#, =, (€) controls changes in
the area of infinitesimal area elements parallel to the mid-surface S, (Figure 2). Toward this
goal, choose linearly independent vectors ¢, and ¢, belonging to the tangent space 7, that

satisfy ¢, x e,=m. Further, choose infinitesimal material line elements dXélfo and dXé%o
directed along ¢, and g, such that they span the infinitesimal area element

dAg,=IdX}; x dXZ | (90)
With reference to (20), define elements ¢! and 2 of 7. by e!=Q.e; and 2=Q,e, and let the

infinitesimal line elements 4X, and 4X,, as described in (20), denote the images of dXé and
dX; directed along ¢! and ¢2 on S.. Obviously, 4X, and 4X, span the image

dA.=ldX; x dX,| (91)

of dAg, on S. The area element d.o7, corresponding to dAg, in the deformed body is

da/; =|Fe; x FepldAg,.  (92)
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Since ¢, and ¢, are tangent vectors, the deformation gradient F in (92) can be replaced by
the superficial deformation gradient

F :=FPy, (93)
giving
dot; =|Fe; x FeyldAg,, (04)
whereby the area ratio Jg, =d.o7, /dA,, takes the form

Jfo =|Fe; X Fey|
= (er X e2)| (95)
=|[F“m),

with ¢ being the cofactor of F. By (95),

2 =[Fmf
=F‘m - Fm
=m - (F)TF°m (96)
=m - (FTF)m
=m - C?’m.

By (183), m - C°m=.#;, Which with (96) yields

) (4, \
f1212(®)=.]§°= dAf , (97)

confirming the assertion that _#, controls changes in the area of infinitesimal area elements
parallel to S.. Evaluating (97) at the mid-surface S, gives

2
J2=(fif°) =5 (C.), (98)

o

where Jis defined in (33) and 47, is the image, on &, of area element dA..

According to the definition (172) of the surface gradient and the chain rule, g & in (89) can
be replaced by FJV , & where V, ¢é=P,, V£ is the surface gradient of & on o, and

Py=1-m®n (99)

is the projection tensor onto the tangent plane of o, Since Q, is symmetric, (89) can be
reorganized as

C=Q.FIKF,Q., (100)
where we emphasize that
K=Pn - 26L+&’L*+(V,.£)®(V,.€) oy

is a fully tangential tensor which can be viewed as a mapping from the tangent space of .o,
to itself. From (184),, it follows that
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J1=h (€)= (Qo) h (Co) L (K).  (102)

The definition (196) of the second principal invariant / and a straightforward calculation
lead to

LK) = @ +(QHE - NPy — L)V, &P, (103)
with
y (€)= 1 - 26H+EK.  (104)
In view of (21), (98) and (184),, (102) can be expressed as

I1=T (e €N (Y (©) +/(QHE = )Py - €LYV, £P).  (105)

5.1.2 The invariant _#—It is evident that the invariant _#,=det C=(det F)> controls
volume changes of infinitesimal material regions (Figure 2). However, it is useful to obtain
7, in terms of relavant kinematical quantities. According to the definition of the determinant
and upon using (38),

detF =[(Fe;) X (Fey)] - Fm.
=7 (el x 22) - —¢[(Legl x 2) - m+ (g} x L) - m| +¢? (Lg} x Lg2) - m), (199

where g!=IF ¢! and g>=IF ¢ are tangent to 7, and span g o,

In view of (183), (184),, and (21)

Ixel =Qoe; X Qoes
=QS (e1 X @)
=Qm
=h (Q.)m
=(1($5)) 'm
=(¥o (&) 'm

(]

(107)

which, with (96) and (98) implies that

(gl X g%) ‘n =F.el x Foe?
=(yo (&))" [FSm| (108)
2(70 ('50))_11

By (108), (177), (181)—(183), and elementary properties of the trace and cofactor of I, (106)
simplifies to

06 y ()

det F=J ,
e, Y. &)

(109)

and, consequently, _#, becomes
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VOV
Fr=det C=J ( 650) (% (fo)) . (110)

5.1.3 The invariant #—Finally, it is evident that the invariant

Z3 =m-Cm
o

controls the stretch of infinitesimal material fibers perpendicular to the mid-surface S..

5.2 Constitutively-associated kinematical variables

In view of (105), (110), (111), we may use (196) in (105) to conclude that the energy density
in (85) depends upon the referential variables

H,, K., &, (112

and the spatial variables

43

H’ K? f: @9

V&P (V.,6) L(V..8). a1

Consistent with existing two-dimensional theories, /and K—which are paramount
importance in the areal Canham-Helfrich energy density (1)—represent the dependence on
the curvature of the spatial mid-surface o~ and the areal stretch J—which is present in the
areal energy density of Steigmann (1999)—embodies localized changes in the area in going
from the referential mid-surface S, to the spatial mid-surface s~ In addition through-
thickness dependence via &, (85) accounts for the potential influence of transverse normal
strain (and, thickness changes) via 0&/0¢, as well as both transverse shear strain and

thickness nonuniformity via |Vy,°§|2. Potential coupling between curvature and deviations in

thickness is embodied by the quantity (Vyof) -IL (Vyof), which includes information the
regarding the orientation of V, ¢ relative to the principal axes of the curvature tensor L.
Notice that, for example, when V _, & coincides with one of the principal axes of IL

dependence upon the coupling term (V,%f) L (V%f) is redundant. In particular, this occurs
when the spatial mid-surface o, is spherical.

5.3 Incompressibility

Various studies suggest that lipid bilayers are very nearly incompressible (Goldstein and
Leibler 1989, Lipowsky and Sackmann 1995, Safran 2003). If, to model this observation,
the deformation  is stipulated to be isochoric, then (110) has the elementary consequence

SH=1. (114)

Accordingly, the energy density must be independent of _#, and the representation (85)
reduces to

W=® (7, 7). (115)
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In addition, using (114) in (110) along with (15), (21), and (104) yields the differential
equation

06 _17.()
%, TI v
1-2¢,H,+82K,  (116)

T (CxHAEK) T’

1 2 _ 1 2 %
which with (27) integrates to yield 5(1 B §H+§§ K) I=&e (1 B §°H°+§§°K°) +¢ (X)

However, on using the condition &|. = 0, the integration constant ¢(§) vanishes, giving
1 2 1 2
&1 - §H+§§ K|J=& 1 - foHo+§§OKO .1

The relation (117) reveals that, for an incompressible lipid bilayer, H, K, J, and & are not
generally independent. For instance, when J, H, and Kat any point on the spatial mid-
surface .o~ are given, (117) can be solved to determine the distance & of a spatial point on o,
corresponding to the material point at the distance & on S, in the spontaneous state. In
addition, the purely geometrical and kinematical result (117) suggests that the thickness of
an incompressible lipid bilayer in its spatial configuration will not generally be uniform
unless its mid-surface is uniformly bent or stretched and has uniform spontaneous curvature.
Zurlo (2006) and Deseri et al. (2008) assume that & is linearly proportional to &,, or,
alternatively, that 0&/0¢, is the ratio of thickness of the deformed and referential lipid bilayer
and refer to this condition as “quasi-incompressibility.” In such a case, the incompressibility
condition is only satisfied at the spatial mid-surface .o, and leads to

£ 1

2T (118)
However, this assumption is valid only if the spontaneous mean and Gaussian curvatures A,
and K. and the mean and Gaussian curvatures A and K of the spatial mid-surface are very

mild (or, more precisely, if £H, £2K; &, H,, and £2K, are negligible in comparison with
unity).

Notice that (117) can be viewed as a cubic equation for £ However, only a unique
physically meaningful root of this equation is of interest. First, the root must be real. Also, to
guarantee its uniqueness, the root should be an increasing function of &.. In addition, to
satisfy the requirement that &|, = 0, the sign of & must match that of &,. These conditions limit
the range of the coefficients in (117). In particular, the sign of the discriminant of the cubic
equation provides some information about the nature of the roots. A simpler case occurs if
the lipid bilayer only has curvature in a two-dimensional space and is uniformly extended in
one direction. In this circumstance, K= 0 (for simplicity also assume that K, = 0) in which
case (117) reduces to a quadratic equation with the admissible root

£ 1— J1-46H(1 - &H) [T

119
1 (119)

)

which is real if and only if

4§QH(1 - é‘:oHo) S j. (120)
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For there to exist an admissible root § satisfying the incompressibility condition (117), the
ratio & AHlJof the deformed lipid bilayer must be small enough to satisfy (120) for all

é:o € [_h;9 h:]

To provide a qualitative insight regarding incompressibility-induced changes of thickness,
we restrict attention to situations where the spontaneous mean curvature A, vanishes and
consider two illustrative examples. Figure 3a shows a lipid bilayer under pure bending (in
which case J= 1) with spatial mid-surface .o, having a sinusoidal shape. It is evident that
the thickness of the upper (lower) leaflet decreases (increases) as the curvature Hof o,
increases. Figure 3b shows a lipid bilayer with a flat sptial mid-surface (in which case H=
0) subject to an areal stretch that decreases exponentially toward the left side. Notably, the
thicknesses of lipid bilayer leaflets increase symmetrically as the areal stretch decreases
from right to left. Thickening phenomena of this kind are well-known to occur in the
presence of trans-membrane proteins, in which case hydrophobic mismatch leads to
stretching of the lipid molecules in the through-thickness direction (here, the left side of
Figure 3b).

6 Stress relations

Consistent with the procedure pioneered by Coleman and Noll (1963), the elastic Cauchy
stress tensor corresponding to an energy density of the form (85) is given by

3
2 0-%;
T— . T
T sz(élal—aC ]F , (121)
where o;=9d/4.#; (1 =1, 2, 3). Straightforward calculations based on the definitions (86)

lead to

0.9, 0 1 0I5
a—c—tr ((D) ]Pm - (D, 6—C—j2C s 6—C—]In ®m. (122)

Using (122) in (121) results in

(aq (11 (B)B - IBZ) +ar S 1+a3Fm ® Fm) . (123)

2

where B=FFT. Notice that, in contrast to C, B need not be a fully-tangential tensor. When
the lipid bilayer is incompressible, (123) should be replaced by

T= - p1+2(a: (I (B) B - B?) +&;Fm ® Fm), (124)

where g,=9d/.7; (/= 1, 3), and pis an unknown Lagrange multiplier that penalizes the
incompressibility.

7 Dimension reduction for an incompressible lipid bilayer

The derivation of two-dimensional models of shell-like structures from three-dimensional
elasticity has long been a subject of interest. For a comprehensive review of this subject, see
Ciarlet (2005). Simmonds (1985), Stumpf and Makowski (1986), Taber (1987,1988,1989),
and Ykseler (2005) have all used the procedure to develop hyperelastic shell theories.
However, Zurlo (2006) and Deseri et al. (2008) were the first to apply it to biomembranes.
In contrast to the present work, Zurlo (2006) and Deseri et al. (2008) neglected spontaneous
curvature.
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7.1 General strategy

Granted that a lipid bilayer has thickness considerably smaller than its lateral dimensions, it
is very reasonable to attribute to it an energy density, per unit area. The main goal of the
dimension reduction described in this section is to obtain an areal energy density g, from the
volumetric energy density W in accord with the condition

[ wedAo=[ Wdvu, (125
Do P

where (. is measured per unit area on the referential mid-surface S, d, is the referential
volume element, D, S isan arbitrary areaon S, and 2 Bis the material region
associated with D,, the lateral faces of which are normal to S, and extended to the inner and
outer surfaces & and S (see Figure 4).

In view of (90), (91), and (107), we conclude that
[ weddo=[ [T 0 (5, 5, 7570 (&) ddAo.  (126)
Do o o Do —h; 9 £ o o o O-
Since D, is an arbitrary domain, (126) implies that
lﬁoszoho—q) (jl’ j2a jS) Yo (50) d‘fm (127)

Regarding (105), (110), and (111), and bearing in mind that @ is an arbitrary function of the
invariants _#,, 7, and _z;, it is evident that the integrand of (127) may, in general, depend on
&. in a complex manner. This makes integrating (127) difficult. A suitable approximate
approach is to expand the integrand in (127) about &, = 0 and truncate consistent with some
desired degree of accuracy.

7.2 Expansion

Consistent with the consensus regarding the near incompressibility of lipid bilayers, we
conduct this expansion only for an energy density of the form (115), in which case (127) is
replaced by

‘l’ozfli:h;&’ (F1, I3) o (£:) dEo. (128)

Notice that, by (105), (111), and (116), the values of the invariants .7 and .7, at S, are
Flo=I?  (129)

and
Fslo=J 2. (130)

In view of (129) and (130), the values of § and any of its partial derivatives at & = 0 may
depend at most on the areal stretch J. Anticipating the need to expand &, up to second order
in &,, it is therefore convenient to introduce J+dependent quantities %, A, A, fi1, fi3, and fz3
via
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f():(i) (jla %) |o’

ﬁc: 0D(S1,53) i k:L 3,

9.9, (131)

_ Pd(A.I) _
fu= o | k,[1=1,3.

Expanding & to second order in &, also requires the values of the first and second
derivatives, with respect to &, of the invariants _#, and _#; at &, = 0. On introducing

H=HJ' - H,, K=KJ?-K,, (132
it follows that
Slo=—4J*H,
S, l=4172H,
P o= =472 (12H,H - 2K - JNVsJP), (139
I, 1.=472 (8H°+6H.H - K).
Expanding § then yields
hy 1 2 2
ll/o=f7hg f0+01§0+§012§o+ o (fo) Yo (&0)dés,  (134)
where a4 and a5 are given by
)= (f1 7 +J‘3ﬂ§) lo  (135)
and

o= (7] £ + () #2007 A £ A) e a30)

respectively.

7.3 Restriction to mild areal stretch

Hereafter, we confine our attention to circumstances under which the areal stretch Jof the
referential mid-surface S, is sufficiently mild to ensure that

hod 'V, 0l < 1. (137)

The gradient term on the right-hand side of (133)3 is then negligible in comparison to other
terms. With this in mind, substituting (131), (135), and (136) in (134), performing the
integration, and truncating yields an expression for the areal energy density (., measured per
unit area of S,, yields an expression that depends on H,, K., H, K, and J. The dimension
reduction therefore provides an areal energy density which includes the effects of
spontaneous mean and Gaussian curvatures, deformed mean and Gaussian curvatures, and
areal stretch.

In addition, an areal energy density ¥, measured per unit area in the deformed state, has the
form
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w=J""y, (138)

and, thus, depends on the same quantities upon which (i, depends.

7.4 Specialization to symmetric bilayers

Suppose that the leaflets of the bilayer have identical thickness ;=4 =4 and molecular
composition, in which case they should be described by a single response function &. The
areal energy density , determined by the dimension reduction argument then simplifies to

N2
¢o=lﬁm+%K(HJ_l - Ho) +k K, (139

where Y, g., K, and ; are given by

Um=2h (1+312K.) for $H3H2 (J2 (1 =) fi = T2 (1+7%) f3),
Ho=H, (1+v), (140)
Kz%hgﬂ,u, K =%h2]277.

with

:l = —J_4
=g m=(A-I0R). e
H=2J7" f3 = 207 fi3+J 7" fi3+J° fi1,

Notice that the bending moduli K and ;. given in (140)3 4 scale with the cube of the leaflet
thickness /.. Moreover, those moduli differ from those obtained by Zurlo (2006) and Deseri
et al. (2008). The difference stems from our use of the exact incompressibility condition
(116) in place of their use of the quasi-incompressibitlity condition (118). For instance, the
bending moduli in (140) include derivatives of  with respect to .z, derivatives which are
absent from the result of Zurlo (2006) and Deseri et al. (2008).

7.5 Alternative interpretations of the splay and saddle-splay moduli

We now provide alternative interpretations of the splay and saddle-splay moduli k and .
Consider the state of stress at the spatial mid-surface .o, of an incompressible lipid bilayer.
Since [, is a tangential tensor, FT=0 and B,=IF,[FT is a fully tangential tensor. Using (196),

it can be shown that 7, (B.) =1, (TC,) =J> As a consequence of these facts, (124) yields

T.: —Teo
= - pl+2(LfiPa+fs FmeFml). 142

Consistent with the kinematical assumption regarding the orientation of the phospholipid
molecules, consider a deformation with the property

Flom=¢m, ¢>0, (143)

where ¢ is an arbitrary constant. Also, as is customary in the theory of thin shell-like
structures, assume that the normal stress m - Tn is very small compared to all other erlevant
stress components. Then, in view of (143) and the assumption p, . T p, (142) can be written
as
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To=2 (fl J - ¢2f3) Pn. (144)
Moreover, (143) reduces C in (63) to
Clo=Co+¢’me@m. (145)
Since the deformation must be isochoric, we find that
¢*=(L (C.)"'=J 72, (140)
which allows us to reduce (144) to

T, =272(fi—J™*f)Pa,

147
=: 2P,. (147

Notice that T. is an isotropic tensor on the tangent space of 7. Also, 3 can be considered as
the in-plane tension or compression at the spatial mid-surface ,o.. Invoking the definitions of
> in (147) and n provided in (141),, we find that

1 -2
7725.] 2. (148)

In addition, we may define

0z
A = —
aJ’ (149

as the areal stiffness of the lipid bilayer at o, which, with (141) and (147), can be expressed
as

A=4J (u+n). (150)
Using (148), relation (150) becomes

JA 2%
H=—

e (151)

Then, on using (148) and (151), the splay and saddle-splay moduli defined in (140) can be
expressed in terms of < and A as

8 3 - 2 3
K= gho (JA - 22) , K :gl’loz. (152)

7.6 Canham—Helfrich-type energy density

In many studies, due to high in-plane resistance, the lipid bilayer is stipulated to be
inextensible and this constraint is imposed by adding a suitable term to the areal energy
density. Necessarily, the introduction of such a constraint is accompanied by the need for a
Lagrange multiplier. In this case, the deformation of the lipid bilayer is dominated by
bending. To address this limit in our setting, consider the limiting case of J~ 1. Regarding
the definition of v in (141)4, and using (148) and (151), it can be concluded that
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Y UA -2y 199

In accordance with the high in-plane resistance of the lipid bilayer, the ratio of the areal

-1
stress X and stiffness A should be very small (i.e., Z A O) leading to v & 0. Thus, the
areal energy density is well approximated by

1 _
Yo=Ym+5K(H - Ho)*+ k(K —K.), (154)
with
1 2 2 2772
YUm=2hs | fo 1+8hoK0 +§nhoHo ., (155)

and

k=213 2fs - 2fis+f3+ i), .
k=213 (fi- ). (156)

-1 ~
Also, using the approximations J~ 1 and Z A0

modulus yields

in the expression (152); for the splay

8 3
K=§h;1\; (157)

however, the expression (152), for the saddle-splay modulus remains unchanged with these
approximations.

Assuming that the lipid bilayer is very thin, the membranal energy given in (155) reduces to
Um = 2A.5. Since f; only depends on J, the membranal energy can be represented as Uy, = @.
(). Therefore, it is natural to introduce an effective surface tension

deo
= 158
log a7 (158)
and an effective areal stiffness
d¢,
A= , (159
a2 (159)

for the lipid bilayer. On using the definitions of n, Z, and A in (141),, (147), and (149),
respectively, and performing straitforward differentiation, it is possible to verify that

1 _,d d d?
gt 130 5 g Ao s 80 e
27w a7 472

which, in view of the approximations Ja 1 and A1 0, and (152), and (157), yields
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thus, on referring to (158) and (159), the splay and saddle-splay moduli can be expressed as
4o =1
k=3 hod, k= 3 hio. (162)

From relations (162) it is evident that k and ;; are directly proportional to the effective areal
stiffness and surface tension of the lipid bilayer, respectively.

When the bilayer is in a state of pure bending (i.e., /= 1), #,, and _# are both equal to unity
on the spatial mid-surface s, and thus .o, corresponds to the natural state—that is,

O (A1, I3) |, =0, (163)
whereby £ =0. Thus, ¢y =0, and
IﬁOZ%K(H —H)*+ k(K -K,). (164)

Since the areal energy density is determinable only up to an arbitrary additive constant,
(164) is equivalent to the the Canham—Helfrich energy density (1).

When the lipid bilayer is assumed inextensible, the areal energy density (164) should be
considered, while the inextensibility constraint should be penalized by considering a
Lagrange multiplier.

7.7 Effect of asymmetric chemistry of the leaflets

Now suppose that, due to possible trans-bilayer asymmetric chemistry of the leaflets
(Luckey 2008, Janmey and Kinnunen 2006, and Devaux and Morris 2004, McMahon and
Gallop 1998), the response functions §* and - in the upper and lower leaflets differ. This
situation is very probable when the spontaneous curvature is induced due to asymmetric
distribution of lipid molecules with different molecular shapes across the mid-surface of the
lipid bilayer (McMahon and Gallop 1998).

The dimension reduction then leads to an energy density of the form
1 BN R
l[/ozl[/m+§K(H] ~H,)+«K, (65

where Ym, H., K, and . are given by

Um=2ho ((fo) = 3LfolhoHot+ L2 (fo) Ko )
HIHE (72 (L= (i) = T2 (14T (1)
—KVvH.H., (166)
Ho=H, (1+7) +H.,
k=R (uy 2, k=32h3 () I,

with

hZ
[71.7 4<27>> (167)

H.=

In addition, for the approximation J~ 1, the counterpart of (154) takes the form
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l//o=wm+%K(H — (Ho+H.)*+ k (K — K.), (168)

where Y, A, K, and ¢ are given by

Ym=2ho (fo),
H=211 - £,
k=21 Qfs - 2fist fatfin), [ 169
K =3h3 (fi - f5).

If, moreover, the lipid bilayer is in a state of pure bending then (168) reduces to
lﬂOZ%K(H — (Ho+Ho)*+ k (K —K.). (170)

Let A denote the constitutively-induced spontaneous mean curvature and introduce the net
spontaneous curvatureHs, = H, + H. The net spontaneous mean curvature Hgp for an
asymmetric lipid bilayer is then seen to incorporate two contributions: (i) a geometrical
contribution AH,, which stems from the spontaneous geometry of the lipid bilayer, due to
asymmetric distribution of phospholipid molecules with different molecular shapes or due to
other possible sources (McMahon and Gallop 1998, Ddbereiner et al. 1999); (ii) a
constitutive contribution A, which stems from differences between the constitutive
properties of the leaflets.

Also, notice that the alternative representations of k and . in (152), (157), (161), and (162)
remain valid under the present circumstances, except that >, A, and ¢. should be replaced by
(), (A, and @. = 2A.(f), respectively.

the incoherency between the leaflets

The areal energy density obtained by dimension reduction may be generalized to include the

effect of incoherency between the leaflets. In such case, the invariants .#;" and .7, (k= 1, 3)
and the areal stretches J* and J~ in the upper and lower leaflets differ. The integration in
(128) must therefore be performed piecewise. Being very similar to the steps leading to
(134), the steps involved are not shown. The final form of the areal energy density depends,
as before, on H,, K., H, and K however, instead of J, it includes dependence on both J* and
J

«  The Canham-Helfrich energy density is an acceptable areal energy density when (i)
the leaflets have identical thickness and the same response function (ii) the ratio of
the thickness to the principal radii of curvature is very small, and (iii) the lipid
bilayer has pure bending or it is inextensible.

» Incontrast to the classical Canham-Helfrich energy density (1), our theory predicts
that the spontaneous Gaussian curvature should be included in the areal energy
density in a manner analogous to the spontaneous mean curvature. Moreover, in
contrast to (1), the energy density (164) vanishes at the spontaneous state. This
issue is not important in the case of homogeneous lipid bilayers because the energy
density can be additively scaled by any constant. However, for heterogeneous lipid
bilayers, such as multi-phase GUVs (e.g., see Baumgart et al. (2005)), where the
saddle-splay modulus or the spontaneous curvature are nonuniform, this distinction
should be considered.
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As long as the response function g is known, the bending moduli K and ;. cannot be
be arbitrary chosen. Rather, they derive from the response function &. This is
consistent with the conclusions of Zurlo (2006) and Deseri et al. (2008).

The bending moduli K and ; scale with the cube of the leaflet thickness /.. This is
in harmony with the deformation of a thin elastic sheet, for example, as described
by the classical Foppl-von Karman theory, where the bending rigidity is
proportional to the cube of the sheet thickness. In addition, just as the bending
rigidity of an isotropic homogeneous elastic sheet is linearly proportional to its
Young modulus, the splay modulus K is linearly proportional to the in-plane
stiffness of the lipid bilayer. In contrast, the saddle-splay modulus  is linearly
scaled with the surface tension in the lipid bilayer.

The membranal energy W, includes not only a term proportional to /4 but also a

secondary term proportional to 2. This term also contains the spontaneous mean
and Gaussian curvatures of the lipid bilayer. However, as long as the lipid bilayer is
very thin, the contribution of this secondary term is negligible.

Ostensibly, the areal energy density ), obtained from the dimension reduction
argument should provide a basis for formulating variational problems to determine
minimum energy configurations of lipid bilayers. However, to generate well-posed
variational problems, the areal energy density Y. should at very least satisfy the
Legendre—Hadamard condition and thereby guarantee that the second (weak)
variation of the underlying functional is positive. For example, based on the
established Legendre—Hadamard condition for elastic surfaces of second-grade
(see, for instance, Hilgers and Pipkin (1993)), Steigmann (1999) and Agrawal and
Steigmann (2008) derived the Legendre—Hadamard condition relevant to a lipid
bilayer with an areal energy density depending generically on H, K, and /—which
encompasses the result of the dimension reduction obtained here. If, in the present
context, the assumption of mild areal stretch embodied by (137) does not hold,
then, as is the case in the work of Zurlo (2006) and Deseri et al. (2008), the areal

energy density ), will include an extra contribution proportional to [V, JP.
However, there is no reason to expect that the Legendre—Hadamard conditions for
an areal energy density depending on H, K, J, and |V, J|should always be satisfied
by the areal energy density arising from the dimensional reduction argument, even
if the three-dimensional energy density § leading to (. satisfies the appropriate
three-dimensional Legendre—Hadamard condition. To see this consider, for
example, a flat lipid bilayer, in which the energetic contribution of curvature is
absent, so that

2
Yo=go (J) +§h2r2 filVsoJ2. (171)

The approach of Hilgers and Pipkin (1993) can then be used to show that the
Legendre—Hadamard condition is satisfied only if 7 > 0. A precise understanding
of the sign of A depends on the specific structure of the response function & and
the value of areal stretch Jon the mid-surface. Nevertheless, in view of (147), it can
be observed that # may depend on the in-plane stress at the mid-surface of the lipid
bilayer. As long as # is positive, the second variation of s, is positive and the
equilibrium configuration of the lipid bilayer is stable (locally, at least). However,
if £, is negative, due to a possible contraction in the lipid bilayer, then the
Legendre—Hadamard condition is violated, implying that the configuration of the
lipid bilayer is unstable. One way to cure this problem is to add a term to (., as
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Hilgers and Pipkin (1996) did in their study of the equilibrium of elastic
membranes with strain-gradient energies.

8 Summary

A continuum approach to modeling the deformation of lipid bilayers with spontaneous
curvature was provided. In a departure from prevailing tradition, a lipid bilayer was modeled
by a three-dimensional body. Apart from a kinematical constraint incorporating natural
aspects of the behavior of lipid molecules, no further restrictions were imposed on the
deformation. In this context, a general representation for the deformation gradient was
derived. That representation involves the curvature tensor of the mid-surface in the
spontaneous (or reference) state, the curvature tensor of the mid-surface in the deformed
state, the deformation gradient of the mid-surface, and changes in transverse thickness. The
coherency of the leaflets that comprise a lipid bilayer, which entails considering local
coupling or sliding of those leaflets, was explored, as was the topic of area compatibility.

Geometry and kinematics aside, the material symmetry of lipid bilayers that exhibit in-plane
fluidity and transverse isotropy was studied. Moreover, modeling the bilayer as a
hyperelastic material, a representation theorem for the energy density was developed. Three
invariants were found to be sufficient to describe the constitutive behavior of a lipid bilayer.
It was shown that these invariants describe local strecth of area elements parallel to the mid-
surface, volume change, and through-thickness stretching. Explicit expressions for these
invariants were determined and presented in terms of fundamental kinematical quantities.
Among these kinematical quantities are the referential and spatial mid-surface curvatures,
the areal stretch of the mid-surface, the transverse normal and shear strains (which, in the
present setting, control thickness change and nonuniformity, respectively), and a coupling
term between the surface gradient of the transverse deformation and the mid-surface
curvature tensor.

The special case of a lipid bilayer that—in accord with experimental observations—is
incompressible was considered. Under this constraint, transverse deformation (with respect
to the mid-surface) of the lipid bilayer is coupled to mid-surface deformation. This purely
geometrical and kinematical consideration suggests that when the mid-surface of an
incompressible lipid bilayer has nonuniform bending and/or stretching or when the
spontaneous curvature is nonuniform, its thickness in the deformed state is, in general,
nonuniform.

Granted that the lipid bilayer is sufficiently thin, a dimension reduction argument was used
to extract an areal (two-dimensional) energy density from the volumetric energy density.
The conditions under which a Canham-Helfrich-type energy density is derivable were
discussed. An energy density for lipid bilayer with asymmetric leaflets was also obtained
and it was shown that, for such a medium, the spontaneous curvature can be interpreted as
combination of two contributions. The first contribution represents the preferred geometry
(i.e., the spontaneous shape) of the lipid bilayer. The second contribution—which may be
called the constitutively-induced spontaneous curvature—arises due to differences between
the response functions of the leaflets. Lastly, the general form of the areal energy density for
a lipid bilayer with incoherent leaflets was considered.

A Appendices
A.1 Superficial fields

A field defined only on a surface is called superficial. For instance, m is a superficial unit
vector field defined on the mid-surface S.. The three-dimensional gradient of such a field is
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undefined. However, a smooth extension of a superficial field to a three-dimensional
neighborhood of the surface on which it is defined provides a means for defining its three-
dimensional gradient (on the relevant neighborhood). The normally constant extension, in
which a superficial field is stipulated to be constant along lines perpendicular to the surface
on which it is defined, provides the simplest such extension (Fried and Gurtin 2007). For
example, consider a scalar-valued superficial field Fdefined on S, and let # denote a smooth
extension of Fto a neighborhood of S.. This extension can be used to define the surface
gradient g fof fon S, in terms of the three-dimensional gradient  # of # by

Vsof=Pm VS, (172)

where

Pp=1-m®m (173)

is the projection tensor onto the tangent space 7. of S. Notice that £ in (172) must be
evaluated at points on the surface S.. It should be mentioned that g Fas determined by
(172) is independent of the particular features of the extension #£. It is easily shown that

s, fis tangent to the surface S.. Similarly, the surface gradient V,_g and surface divergence
div div,_ g of vector-valued superficial field £ are defined as

Vsog: (Vge) IP]m»
divsog=tr (V, g) =Py, - Vg®, (174)

where &° is a smooth extension of 8. Here, as with £ in (172), Ve® is evaluated at the point
on S.. Additionally, in a suitably determined neighborhood of S., the gradient gand
divergence div g of a vector field g defined on a three-dimensional region containing S,
decomposes according to

Vg:VSOg+(;3T‘S;I ® m,

N dg (175)
d1vg-d1vsog+m -m,

where g=g|,_is the restriction of gto S, and

%8 _gm am)
om

is the normal derivative of g.
A superficial tensor field G, besides being defined only on a surface, must satisfy
Gm=0. @177)

For example, the surface gradient V;_g of superficial vector field & is a superficial tensor
field. If G also obeys

GTm=0, (178)

then G is said to be a fully tangential tensor field. For example, the projection tensor P, is
fully tangential.

Other examples of fully tangential tensor fields are the curvature tensors 1, and IL of the
surfaces S, and &, as defined by
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Lo=—-V,m,L=-V,n. (179

L. and IL each possess at most two nontrivial scalar invariants. Convenient choices for these
are the mean and Gaussian curvatures. Specifically, while

Ho=1I (L) =4tr (Lo),
Ko=D (Lo) =1 [(tr (Lo))* - tr (Lg)] , } (180)

define the mean and Gaussian curvatures H, and K. of the surface S,,

Ho=%1 (L) =3tr (L), }
Ko=h (L) =4 [(tr @) - tr (Ly)], | @

define the analogous quantities for o
A useful property of any fully tangential tensor A is the relation
A=A% -1, (A) A+L (A) A1 (182)

determining its cofactor A, where /(A) and A(A) are first two principal invariants of A. A
simple, but useful consequence of (182) is that

A‘m=0 (A)m. (183)

Notice that /4 (A) can be viewed as the determinant of a two-dimensional matrix
representation of A. Having this in mind, other useful identities can be established,
including

LAY =LA), LAB)=LA)LB), (184

with B also being a fully tangential tensor.

A.2 Pseudoinverse of a fully tangential tensor

Let A be a fully tangential tensor. Then
Am=ATm=0 (185)
and

A=P,,A=APr. (186)

Since the determinant of p_, vanishes, (186) implies that the determinant of A must also
vanish. Consequently, as a mapping from three-dimensional vector space to itself, A is not
invertible. However, from (186), A maps any vector from the tangent space 7. to a vector in
T.. If A, considered as a mapping from 7. to 7., is one-to-one and, thus, invertible, then
there exists a tensor A" satisfying

AAT=ATA=P,,. (187

In view of (187), A" provides an inverse for A as a mapping from 7. to 7.. However, A"
does not provide an inverse of A considered as a mapping from three-dimensional vector
space to itself. Thus, A" may be thought of as a pseudoinverse of A.
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To obtain the pseudoinverse A" of a fully tangential tensor A that is a one-to-one mapping
from 7. to 7., consider the Cayley—Hamilton equation

A3 — I, (A) A*+1, (A) A=0, (188)

for A. (Notice that, since A is fully tangential, its third principal invariant 4(A) obeys A.
Hence, a term proportional to /3(A) is absent from (188).) On applying the left-hand side of
(188) to an arbitrary vector t and introducing the vector u=At, it follows that

(A% = 1 (B) A+ (B) Pry ) u=0.  (189)

Since w is a tangent vector and, thus, P, u=u, keeping 185 and (186) in mind, (189) yields

u =A[LR) ! U (B)Pm — A)|u

= [l (A (1 (D) Poy - M)] Au. O

Since, for any invertible tensor T,
TT 'u=T""u, (191)
it follows from (190) that
A'=(L () (11 (B) Py~ A) - (192)

provides a pseudoinverse of the fully tangential tensor A that is one-to-one as a mapping
from 7.to T..

In view of (192), a fully tangential tensor A is pseudoinvertible if and only if

L(A)+#0. (193)

Granted that A is fully tangential, A" defined by (192) is also fully tangential—that is, A"
defined by (192) obeys

AT]HI:(A%)T]HIZO, (194)
and
AT=P,,AT=ATP,,. (195)
Also multiplying (192) by A and using (187), while invoking (193), yields the relation
A%~ 1) (A) A+, (A) Pp,=0, (196)
which can be viewed as the Cayley—Hamilton equation for a fully tangential tensor (see also

Simmonds (1985) for a discussion of the Cayley—Hamilton equation for a linear mapping of
two-dimensional vector space into itself). Finally, using (196) in (182) leads to

A°=L(A)m®m. (197)
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Fig. 1.
Two-dimensional schematic of a closed lipid bilayer in its spontaneous state and its
deformation to a generic spatial configuration.

Biomech Model Mechanobiol. Author manuscript; available in PMC 2014 October 01.

Page 38



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Maleki et al.

Fig. 2.
Schematic depiction of changes of volume and tangent area elements.
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Fig. 3.

Illustrative isochoric deformations of a lipid bilayer: (a) Thickness change due to pure
bending. (b) Thickness change due to pure stretching. While the dashed lines are the sptial
mid-surface .o, the grey lines are spatial placements of few material surfaces with constant
& in the reference configuration.
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Vo:
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Fig. 4.
Schematic of the dimension reduction.
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