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Magnetic field induced pattern formation in reactive membranes
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The effect of magnetic field on lipid bilayers has been a subject of interest to experimentalists in recent

years. Here we examine a fluctuation model of reactive bilayer membranes, taking into view the composition-
curvature correlation in the presence of a homogeneous magnetic field. We show how the strength of the
magnetic field in combination with the intensity of reaction induces instability into the system, at times leading

to stationary pattern formation.
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I. INTRODUCTION

Lipid bilayers are the basic structural units of all cell
membranes. Amphiphiles such as surfactants and phospho-
lipids aggregate themselves in water to form bilayer sheets,
with their polar head groups pointing toward water, and their
hydrophobic tails facing each other [1,2]. These membranes
have a fluidlike property and are highly elastic in nature. The
study of the cell membrane and other intracellular activities
demands a complete understanding of the bilayer. Also, lipid
bilayers find widespread utility in medicinal research as a
means of nanotechnology based artificial drug delivery [3].

Starting from the seminal work by Helfrich on membrane
shape deformation [1], numerous theoretical studies have so
far been carried out in this field [4,5]. Most of these deal with
the fluctuations, phase separations, and transitions of bilayer
structures [6,7]. For example, Taniguchi er al. have carried
out extensive work in this direction [8—10], giving us a con-
cise mathematical expression of the effect of the inplane de-
grees of freedom toward shape deformations. Later, several
other groups have taken up their approach of the
composition-curvature relationship to study multicomponent
membranes [11] and membranes with active components
[12]. More recently, Lindenberg et al. [2] have undertaken
the study of shape fluctuations in reactive membranes, where
they have shown how the competitive effect of the phase
segregation and mixing due to a nonequilibrium interconver-
tion reaction between the two species of a membrane, in-
duces a change in the curvature sequence of the bilayer, thus
giving rise to stationary patterns. Many of these different
properties (behavior) of the lipid bilayer have also been ex-
perimentally verified [12,13].

The interaction between diffusion and nonlinearity in
many natural processes often bring about spatiotemporal and
stationary pattern formation in a spatially extended system,
when the later is driven far away from equilibrium [14].
Numerous works have been done in this direction in order to
study the effect of additive and multiplicative noise [15],
electric [16,17] and magnetic fields [18], photochemical in-
duction [19], etc. in such systems. Owing to the existing
anisotropy of magnetic susceptibility of the lipid bilayer,
magnetic field has a substantial effect on the orientation of
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the diamagnetic molecular domains within a membrane
[20-23]. Several experimental studies have shown how static
magnetic fields bring about changes in the surface pressure
and thus the structures of phospholipid membranes [24-27].
These phospholipid and glycolipid membranes being a major
constitutent of most biological systems, the study of these
membranes acts as a major step to the better understanding
of the effects of magnetic fields on biomolecules [28,29].
From all these studies it has been concluded that magnetic
field may play a decisive role in determining the structure
and curvature of membranes.

The study of magnetic field effects in membranes can be
dated back to the early works of Helfrich [30], where he for
the first time gave a mathematical expression for the orien-
tational energy due to the application of a magnetic field on
spherical membranes. In most of the theoretical studies fol-
lowing this, only spherical vescicles have been considered,
there being an inherent simplicity in assuming the surface
normal to coincide with the z axis, in this case. Moreover, to
the best of our knowledge, studies of magnetic field effects
on reactive membranes have not yet been carried out. In
nature there are instances of many such reactive membranes
that are locally flat in nature. It is therefore worthwhile to
look for the imprints of magnetic field on the instability and
spatiotemporal structure of nearly flat reactive membranes.

We propose to study a general model of bilayer mem-
branes based on the fluctuation approach and the simulta-
neous kinetics of the composition and curvature in the pres-
ence of a magnetic field. This takes into account the out-of-
equilibrium behavior of membranes in the presence of an
externally applied constant magnetic field. We identify the
onset of instability as a function of magnetic field strength to
demonstrate the transition from homogeneity and the forma-
tion of stationary patterns. Our analytical results are corrobo-
rated with numerical simulations on the kinetic system in
two dimensions.

II. THE MODEL

We consider a nearly flat membrane with a gradual height
fluctuation h(x,y) (Fig. 1). Moreover we assume that the
membrane is composed of two kinds of amphiphiles, a and
B3, both of which are interconvertible by some procedure. We
consider the interconversion to follow a simple first order
kinetics of the form,
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FIG. 1. Schematic diagram of a lipid bilayer, where the am-
phiphiles are shown as components with a dark-colored polar head
group and a chainlike lipid tail group.

k,
a = B

k

(2.1)

Here « and B can be considered to be conformers of the
same amphiphile or otherwise interconvertible by some
simple reaction as seen for some of our visionary proteins
and membranes involved in the nervous-synaptic process.
Such examples are also seen in different mixtures of ionic or
nonionic surfactants, mixtures of phospholipids (like phos-
phatidyl choline and phosphatidyl glycerol), etc. [13,31-33].
In our model we have assumed that the amphiphiles do not
shuffle between the inner and outer layers.

Considering an almost planar unilamellar (one bilayer)
membrane, we go about studying their undulations by a close
look at the free energies. Since the bilayer is almost flat, and
we consider the height fluctuations to be of very small mag-
nitude, the Monge parametrization can be used to express the
equation of the surface as z=h(x,y). Following this, the free
energy of bending and other deformations is given by [8],

1 1
Fi=30 f (Vh)'dxdy + -k J (V2h)’dxdy, — (2.2)

where o is the surface tension and k the bending modulus.

Now we define an order parameter, ¢(x,y), as the relative
composition of the two amphiphiles. The free energy of mix-
ing can thus be written,

Fz:f {_%¢2+§¢4}dxdy+%yf(V¢>)2dxdy,
(2.3)

where, the first two terms stand for the lateral free energy of
mixing. These terms are homogeneous in nature. In what
follows we show that their contribution is limited to control-
ling the dynamics of composition rather than height fluctua-
tions. 7 is the stiffness coefficient, and represents the resis-
tance to local composition fluctuations of ¢, with A, B, and y
being the coefficients of the Gingburg-Landau terms for
phase separation.

The coupling between the composition and curvature is
expressed as an interaction between the order parameter ¢,
and the even powers of the gradient of h. Thus the free
energy arising out of this coupling is given by,
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FIG. 2. Side view of a membrane depicting its curvature in a
three-dimensional coordinate system. The angle (6) made by the
layer normal (n) with the magnetic field along z axis (By), is also
shown.

Fy=A f &dVhdxdy (2.4)

where, A is the composition-shape coupling constant.

An external magnetic field exerts a torque on a magneti-
cally anisotropic film. Similarly, if a uniform magnetic field,
By, acts on our lipid bilayer along a direction parallel to the
z axis, its effect can be taken into account by the orienta-
tional energy per unit area, that is given by [1] (Fig. 2),

1
Fy=—=(x,— x,)d cos® 6B},

5 (2.5)

Here, x,d and x,d are the susceptibilities per unit area for
fields normal and tangential to the bilayer. d is the thickness
of the bilayer and B is the magnetic field strength.

In our case, it takes the following form (Appendix A):

1
Fy=~ E(Xn_Xz)d[ B;. (2.6

1+ (V1) + (V,h)?

Considering only the linear terms arising from a binomial
expansion of the later fraction of the above equation, the free
energy of orientation becomes,

1
Fi==7 f d(x, = x)Bil1 = (V) = (V1) Jdxdy.

2.7)

Thus, the total free energy of the system over the entire
surface, being the accumulative total of the four kinds of free
energy, viz. bending, mixing, composition-curvature cou-
pling, and magnetic orientation, is given by,

g k Ao, By Y
F:f[2(Vh)2+2(vzh)2_2¢2+4¢4+2(V¢)2

d
+ NGV =~ (6, = X0 Bi(1 = (V) = (V,0)°) | ddy.

(2.8)

We nondimensionalize the energy by dividing both sides
by k (with a dimension of energy, units of kzT). We also
express the lengths in units of d.
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az

Fa—J[—(V ha)® + > (Vzh )2~ 24+ %(Vad))z

a
+asgViha =5 (6= X) (1 = (V, 1)’

- (Vyaha)z):|dxadya’ (29)

F
where, F, —k,

ad’ A B Ad
\Y% de ]’l _d’ Cll—T, a,= k,a3=;, a4=%, as= k,and dg
Bjd®

the dimensionless form of free energy,

o
The kinetic equations governing ¢ and the time evolution
of the height field is given by [2],

¢
=DV? r 2.10
5 { 5¢] (¢ o). (2.10)
where, I'=k, +k_ and ¢0=ki%k:; and
Sh OF,
Na__py%a (2.11)
ot oh,

where M is the mobility parameter so that M o« T;ll; 7, being
the relaxational time.

We nondimensionalize the equations by multiplying Eqns.
(2.10) and (2.11) with 7,, and expressing all lengths in units
of d.

This gives,

o¢ 2

—=b,V r 2.12

ot { 5 dj o= o) (2.12)

and
oh, _b oF, (2.13)
o, > oh,” '
DTh

where 7,= 3 by="5; I,=I'm; by=M7,=1.
From Egns. (2.12), (2.13), and (2.9), we have the final
forms of the kinetic equations as follows:

)
g =— b,V +3b1a3*Vip+ biaVid+ biasVin,
-T'u(¢p— ) (2.14)
and
oh

“=—byla)Vah, + Vih, +asVad+ag(x, — x)Voh,].

a

ot
(2.15)

In the succeeding equations, we denote i, by h, V, by V,
and 7, by ¢ for simplicity.

II1. LINEAR STABILITY ANALYSIS

A look at the final equations reveals the existence of a
spatially uniform steady state (¢p= ¢y, h=Ah), of the dynami-
cal system. Expressing the variables as follows:

b=y + dp(x,y,1)edrrayyren, (3.1)
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(3.2)

and substituting the above into Eqns. (2.14) and (2.15), we
have,

i06h = b1a,q*5p — 3dib1a3q* 5 + byasg* 5+ brasq*oh
-T,5¢, (3.3)

h=hy+ Sh(x,y,1)e'@+ayyeen,

iwdh = byla,q6h — ¢* Sh + asq> 5 + ag(x, — x)q°Oh]
(3.4)

where, g=q,+q,.
The system of equations (3.3) and (3.4) can be put in the
form of a matrix equation as follows:

20
oh

I =1 l
L=(” lw 12 )
lz] lzz—i(!)

The detailed expressions of the elements of the above
matrix are as follows:

(3.5)

where

l”:(blaz—3b1a3¢(2])q2+b1a4q4—ra, (3.6)
liy=basq*, (3.7)

Ly, = byasq®, (3.8)

by =bylarq® + (x, = xJagq® = q'1. (3.9)

To examine the stability, we now write the following de-
terminantal equation for the eigenvalue problem,

IL|=0. (3.10)

Supposing w with complex values, the eigenvalues of the
Jacobian can be written

Tr[L]+ VA[L]

> )
where, Tr[L]=[,,+1,, and, A[L]=Ti[L]*~4 Det[L]; Det[L]
=lnln—loby-

The instability sets in as Re(w(g?)) attains a positive
value. We now look for the range of ¢> values for which the
real part of the eigenvalues, w(g?) attain a positive value for
the given strength of the applied magnetic field, B, and a
particular value of the kinetic parameter, I'.

In our studies, we consider the value of the magnetic field
strength over the range of 0 to 1X 10° oersted, that in the
case of biological membranes can be held equivalent to a
magnetic field induction of 0 to 10 Tesla. The other experi-
mentally admissible values of the constants [1,12,24] for our
system will be of the order of, o=1-5 dyne cm™,
k=5X10" erg, d=5%X10"7cm, I'~10" dyne, and
Xn—=X:=1.0X10"7 erg cm™ oersted>. The corresponding
nondimensional parameters will thus take the values,
a;=0.1; a,=0.01; a3=0.01 a4,=0.01; a5=0.001; b;=1.0 and

o(q?) = (3.11)
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FIG. 3. Dispersion relation (plot of w versus ¢?), for varying B,
I',=0.5 and other parameters are as mentioned in the text.

b,=1.0. And the initial conditions used are ¢y,=0.1 and
hy=0.0. The I, values range from 0.1 to 2.0.

It is apparent from the expression of w(g?) in Eq. (3.11),
that

A[L] = (111 - 122)2 + 4112[21 = A[L] > 0 (312)

so that, Im(w(g?))=0. This suggests an absence of wave bi-
furcation.

Figure 3 depicts the range of the ¢* values for varying
magnetic fields (B,) and a given I', value for which a small
perturbation may bring about an instability, initiating a tran-
sition to a pattern stationary in time.

IV. NUMERICAL SIMULATIONS AND DISCUSSIONS

We carry out numerical simulations of the kinetic system
[Egs. (2.14) and (2.15)], using the explicit Euler method for
integration of the equations, following the discretization of
space and time. A finite system size of 128 X 128 grid points
has been chosen. Zero flux boundary conditions have been
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considered along all the four walls. A time interval
Ar=0.0001, and a cell size, Ax=1.0, have been found to be
appropriate for the purpose.

We have carried out our numerical simulations for differ-
ent values of I', ranging from 0.1 to 2.0, and with magnetic
field strength, B, varying between 0.0 T and 10.0 T. The
initial conditions are taken to be ¢,=0.1, h;=0.0, with a
random and small perturbation over the whole concentration
space, ¢. We plot the contour values of the concentration
order parameter, ¢ in the Figs. 4-7. Dark colors represent a
greater concentration of species «, and light colors depict
more concentration of amphiphile 8. Simultaneously is given
a surface plot of the & values over a portion of the whole
space, to give a real feel of the shape and curvature of the
membrane surface.

In Fig. 4 we show both the contour plot of ¢ and surface
plot of & to depict the formation of patterns stationary in
time. In Figs. 5-7, we plot ¢ and £ after a considerably long
time period. While, in Fig. 5 we show how with the increase
in the value of I, from 0.1 to 1.0, the spots become more and
more prominent for a particular strength of the magnetic field
(By=5.0 T); in the Figs. 6 and 7 is shown the change in
pattern with increasing magnetic field for a particular value
of I',(=2.0,0.8).

As T', varies, the nature of the pattern also changes
(Fig. 5). For small values of I', (=0.1), the perturbed system
becomes almost homogeneous with time. With an increase in
the value of I',, patterns begin to appear. For I',=0.5, spots
emerge out of stripes. As I', moves to still higher values
(=1.0), it gives rise to prominent spots. These observations
are in keeping with the studies of Lindenberg et al. [2],
where stripes indicate a dominance of the phase separation
for low values of I", whereas for higher values, the symmet-
ric dropletlike patterns shown by the ¢- and h-field profiles
are due to the increased strength of the reaction. The pres-
ence of magnetic field in this case allows for the presence of
a nearly flat homogeneous state for very low values of T,
possibly due to a greater prominence of the magnetic field
orientation over the other two factors.

FIG. 4. Time variation of the
concentration order parameter (¢)
and the height field (k) for
I',=0.5 and By=5.0 T (other pa-
rameters are as mentioned in the
text).
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¢ at time 3000 and I',= 0.1 0 at time 3000 and I',= 0.5

On the other hand, changes in the magnetic field lead to
considerable changes in the spatial patterns (Figs. 6 and 7).
For zero or very low values of magnetic field, one observes
the transition to a homogeneous phase. As B increases, spot-
like or dropletlike formations appear. With a further rise in
the value of B, there is an increase in the density of the
spots, while their size decreases. The results of the numerical
simulations show, in general, a good conformation to the
theoretical analysis, as shown in Fig. 7. The orientational
energy being a function of the square of the magnetic field
By, there are similar effects for both positive and negative
values of magnetic field, i.e., sign of the magnetic field is
immaterial to its orientational effect.

We have repeated both stability analysis and numerical
simulation by excluding the first two terms of F,, that stands
for the lateral free energy of mixing. It was observed that
there is only a very slight quantitative change in the w(g?)
values, with the dispersion curves remaining almost identi-
cal. More so in the case of numerical simulation, there seems

0 at time 3000 and By=0.0 T ¢ at time 3000 and By=5.0 T

¢ at time 3000 and I',;= 1.0
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FIG. 5. Variation of the con-
centration order parameter (¢)
and the height field (k) for
T,=0.1, 0.5, 1.0, and By=5.0T
(other parameters are as men-
tioned in the text).

to be no visible effect on the reaching of instability and the
consequent formation of patterns. This may be due to the
homogeneity of these terms that makes them less effective in
inducing instability as compared to the rest of the terms, that
were inhomogeneous in nature in this form of the free energy
functional.

Keeping in view of the recent developments, it is apparent
that theoretical studies on such pattern-forming effects of
magnetic field on membranes have not been looked into until
now. The above work also gains significance from the ex-
perimental investigations carried out in related context in
recent years [21,25] where it has been shown that homog-
enous magnetic fields orient membranes and thus bring about
substantial changes in biological systems. Phospholipid mol-
ecules have an intrinsic anisotropy in their magnetic behav-
ior, and this leads to nonzero |Ay| values of the order of
1077 erg cm™ oersted™* at room temperatures, for a bilayer
of nearly 60 A thickness [24]. This property of bilayers
makes them susceptible to magnetic field effects. Small

FIG. 6. Variation of the con-
centration order parameter (¢)
and the height field (k) for
I',=2.0 and B,=0.0 T, 5.0 T, and
8.0 T (other parameters are as
mentioned in the text).
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angle neutron scattering studies of dimyristoylphosphatidyl-
choline molecules have shown, that they orient themselves in
spherical or elliptical shape in the presence of magnetic field
of greater than 6 Tesla (6X 10* oersted) strength [34].
These structural changes can be monitored by the techniques
like magnetic resonance, optical spectroscopy, x-ray scatter-
ing, and birefringence measurements [35,36]. In the
spirit of liquid crystal studies, we believe that the effect we
have discussed here can easily be probed through
birefringencemeasurement in the presence of magnetic fields
of the order of 1-10 Tesla, using suitable polarizing
microscope.

V. CONCLUSION

In this paper, we have studied the orientational effects of
a homogeneous magnetic field on reactive membranes, both
analytically and numerically. Beginning with a fluctuation
approach to our problem, we have considered in detail the
composition-curvature relationships and identified the role of
magnetic field in initiating instability into the system, thus
leading to spatial structure formation. It has been shown that,
while a reactive membrane in the absence of magnetic field
has two competing effects of phase segregation and mixing
due to reaction, the presence of the field imposes a further
restriction to the induction of instability. We hope this ap-
proach will be useful for exploring the effects of magnetic
field in pattern formation and selection in biological systems
and also as a supporting document to the utility of bilayer
membranes as a potent tool for site specific drug delivery or
magnetotherapy.

Dispersion curve

¢ at time 3000 and By=10.0 T

02040608 1 :

FIG. 7. Dispersion relation
(plot of w versus ¢?) and the
variation of the concentration or-
der parameter (¢) and the height
field (k) for T,=0.8 and
By=00T, 50T, and 10.0T
(other parameters are as men-
tioned in the text).

hat time 3000 and By=10.0 T
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APPENDIX A

The equation of a surface S(x,y,z), such that z=h(x,y),
can be written

z—h(x,y)=0.

The normal to the surface at any point (x,y,z) is given by
the gradient of S at that point [37],

(A1)

V(z-h(x,y))=0 (A2)
or,

(A up &A>—o (A3)

¢ 5xx 5yy B

Thus, the angle (6) made by the normal to the z axis is given
by,

cos O= _£9) (%S) (A4)
VO (Vs)?
or,
1 (AS)

TR

016205-6



MAGNETIC FIELD INDUCED PATTERN FORMATION IN...

[1] W. Helfrich, Z. Naturforsch. C 23¢, 693 (1973).
[2] R. Reigada, J. Buceta, and K. Lindenberg, Phys. Rev. E 71,
051906 (2005).
[3] P. Bormann, D. Tomanek, P. Jund, S. G. Kim, and A. Kamin-
ski, Universitit Oldenburg, German Patent application number
DE 196 06 804 A1 (1997).
[4] S. Ramaswamy, J. Toner, and J. Prost, Phys. Rev. Lett. 84,
3494 (2000).
[5] S. Ramaswamy, J. Toner, and J. Prost, Pramana 53, 237
(1999).
[6] U. Seifert, Phys. Rev. Lett. 70, 1335 (1993).
[7] E. Jiilicher and R. Lipowsky, Phys. Rev. E 53, 2670 (1996).
[8] T. Kawakatsu, D. Andelman, K. Kawasaki, and T. Taniguchi, J.
Phys. IT 3, 971 (1993).
[9] T. Taniguchi, K. Kawasaki, D. Andelman, and T. Kawakatsu, J.
Phys. IT 4, 1333 (1994).
[10] T. Taniguchi, Phys. Rev. Lett. 76, 4444 (1996).
[11] P. B. Sunil Kumar, G. Gompper, and R. Lipowsky, Phys. Rev.
E 60, 4610 (1999).
[12] J.-B. Manneville, P. Bassereau, S. Ramaswamy, and J. Prost,
Phys. Rev. E 64, 021908 (2001).
[13] P. G. Petrov, J. B. Lee, and H.-G. Débereiner, Europhys. Lett.
48, 435 (1999).
[14] J. Garcia-Ojalvo and J. M. Sancho, Noise in Spatially Ex-
tended Systems (Springer-Verlag, New York, 1999).
[15] S. Dutta, S. S. Riaz, and D. S. Ray, Phys. Rev. E 71, 036216
(2005).
[16] H. Sevéikovd and M. Marek, Physica D 9D, 140 (1983).
[17] S. Dutta and D. S. Ray, Phys. Rev. E 73, 026210 (2005).
[18] A. Sparavigna, O. D. Lavrentovich, and A. Strigazzi, Phys.
Rev. E 51, 792 (1995).
[19] T. Okuzono, Y. Tabe, and H. Yokoyama, Colloids Surf., B 38,
115 (2004).

PHYSICAL REVIEW E 75, 016205 (2007)

[20] A. D. Rosen, Biochim. Biophys. Acta 1193, 62 (1994).

[21] B. J. Gaffny and H. M. McConnell, Chem. Phys. Lett. 24, 310
(1974).

[22] E. T. Hong, J. Colloid Interface Sci. 58, 471 (1977).

[23] G. Maret and K. Dransfeld, Physica B & C 86-88, 1077
(1977).

[24] E. Boroske and W. Helfrich, Biophys. J. 24, 863 (1978).

[25] L. F. Braganza, B. H. Blott, T. J. Coe, and D. Melville, Bio-
chim. Biophys. Acta 801, 66 (1984).

[26] T. S. Tenforde and R. P. Liburdy, J. Theor. Biol. 133, 385
(1988).

[27] I. Sakurai, Y. Kawamura, A. Ikegami, and S. Iwayangi, Proc.
Natl. Acad. Sci. U.S.A. 77, 7232 (1980).

[28] T. Suda and S. Ueno, J. Appl. Phys. 81, 4318 (1997).

[29] L. C. P. Smith and H. C. Jarrell, Pure Appl. Chem. 63, 529
(1991).

[30] W. Helfrich, Phys. Lett. 43A, 409 (1973).

[31] C. Gebhardt, H. Gruler, and E. Sackmann, Z. Naturforsch. C
32C, 581 (1977).

[32] S. J. Scales and R. H. Scheller, Nature (London) 401, 123
(1999).

[33] A. Schmidt, M. Wolde, C. Thiele, W. Fest, H. Kratzin, A. V.
Podtelejnikovk, W. Witkek, W. B. Huttner, and Hans-Dieter
Soling, Nature (London) 401, 133 (1999).

[34] M. A. Kiselev, M. Janich, P. Lesieur, A. Hoell, J. Oberdisse, G.
Pepy, A. M. Kisselev, I. V. Gapienko, T. Gutberlet, and V. L.
Aksenov, Appl. Phys. A 74, S1239 (2002).

[35] B. M. Fung, Biophys. J. 85, 3429 (2003).

[36] M. A. Firestone, D. Teide, and S. Seifert, J. Phys. Chem. B
104, 2433 (2000).

[37] G. B. Arfken and H. J. Weber, Mathematical Methods for
Physicists (Elsevier Science, New York, 1966).

016205-7



