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Growth strain-induced wrinkled membrane morphology of white blood cells
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The membranes of white blood cells possess a highly corrugated or

wrinkled surface topology. This topology provides excess surface

area which serves as a reservoir for membrane expansion during

osmotic swelling and for membrane mediated events such as adhe-

sion and sensing. We explore and model the dynamic development of

the wrinkled morphology to arise from buckling instabilities trig-

gered by the deformation mismatch between the membrane and the

cytoskeleton during membrane growth. In particular, we examine

the formation of the wavelengths and amplitudes of the wrinkled

topology during the large deformations of the membrane growth,

which lead to the experimentally observed spicule-like character of

the topology. The anisotropic nature of the membrane structure and

mechanical behavior, in particular the high stiffness resisting surface

area change which provides a high biaxial bending stiffness of the

membrane, are found to play an important role in topology

development.
A key component of a biological cell is the cell membrane, composed

of a lipid bilayer anchored to the underlying cytoskeleton via protein

mediated interactions. Motile cells are often observed to change their

shape in cell polarization, pseudopod formation, phagocytosis and

chemotaxis.1 During these functional deformations, the cell

membrane surface area expands 30%–100%.2,3 Since a plasma

membrane can experience only small strain (�5%) prior to rupture,4 it

has been argued that the observed surface area expansion must be

achieved by integration of lipids into the outer membrane or by the

unfolding of surface wrinkles.1,5 White blood cells in particular,

specifically neutrophils and B cells, are observed to possess a wrinkled

surface morphology in the passive state (see Fig. 1).3,6 Here we focus

on the wrinkled topology of B cell membranes. The primary role of B

cells is to detect foreign antigens in thebody.Thewrinkled topologyof

the B cell membrane facilitates the large deformations of the

membrane required for several stages of its physiological function, in

particular migration, antigen detection, and differentiation. For

example, when probing lymphoid tissues for antigens, the B cell

membrane may spread or crawl along the tissue surface to cover an
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area larger than the diameter of the cell.7 Upon detection of antigens,

B cells undergo differentiation into Plasma cells whichmay secrete up

to thousands of antibodies per second.8 To achieve this massive

antibody production, B cells undergo a large volumetric expansion

from a typical diameter of �4–6 mm up to a diameter of �8–12 mm,

requiring a surface area expansion of �100–400%. Since the allowed

maximum areal strain of the lipid bilayer is much smaller than the

necessary expansion, it has been postulated that B cell membranes

utilize their wrinkled topology as a reservoir of surface area to achieve

this surface area increase.9 In this paper, we show that the wrinkled

morphology of the white blood cell membrane can result from

buckling instabilities which occur during membrane growth. The

wrinkled membrane topology enables the necessary physiological

large volumetric changes in the cell without rupturing the lipid bilayer.

Fig. 1b shows anaiveB cell (aB cell that has not yet encountered its

corresponding antigen), which has an extensively wrinkled surface

topology. The cell membrane is comprised of a relatively stiff phos-

pholipidbilayerconnected to therelativelysofter cytoskeletonthrough

various transmembrane proteins as shown in Fig. 1c. We postulate

that the underlying mechanism of the wrinkled morphology is

a buckling instability in the membrane that occurs during membrane

growth by addition of lipids. During growth, the mismatch between

the growth rate of the membrane surface area and the volumetric

growth of the cytoskeleton results in a compressive hoop stress in the

membrane. Once a critical compressive stress is reached, buckling of

the membrane is energetically favored over continued uniform
Fig. 1 White blood cells with wrinkled membrane morphology. (a)

Scanning electron micrograph of a human neutrophil.5 (b) Scanning

electron micrograph of a human B-Cell.7 Scale bar: 1 mm. (c) Illustration

of a white blood cell membrane showing lipid bilayer structure, which is

modeled as an effective shell.
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circumferential compression of the membrane. The membrane

buckles at a wavelength that results in the lowest total energy for the

system. This basic phenomenon is well known in classic mechanics as

the ‘‘buckling of a thin structure (a beam, a plate, a shell) on an elastic

foundation’’. Similar buckling phenomena have recently been studied

extensively for thin films on compliant substrates10–15and spheroidal

core/shell structures16–19 with various triggering mechanisms of buck-

ling, including prestrain, thermal expansion mismatch, shrinkage or

growth rates mismatch. The wavelength of the individual wrinkles is

determined by the film mechanical properties and thickness and the

substrate mechanical properties.14,18For the case of a thin film on

a planar substrate, the buckling patterns appear as stripes, herring-

bones, and labyrinths, dependingon the initial constraint conditions.14

For the case of a thin filmon a curved substrate, especially on a closed

substrate, the curvature and the topological constraint can play a role

in the buckling pattern.16

The cell membrane has been modeled as an effective structural

shell (see Fig. 1c) possessing elastic Young’s modulus E, Poisson’s

ratio n, and thickness t. This approach has been successfully used to

predict the deformation mechanics of the human red blood cell.20

Here, our first set of simulations take the membrane and the cyto-

skeleton to be homogeneous and isotropic elastic materials with

membrane Young’s modulus Em, Poisson’s ratio nm, and thickness t;

and with cytoskeleton Young’s modulus Ec, Poisson’s ratio nc, and

the cell radius is a. Typically, Em ¼ � 100kPa, and Ec¼ � 1kPa.21

For the purposes of this study, the presence of a nucleus can be

neglected since the cytoskeleton depth is 100 times larger than the

membrane thickness. Furthermore, considering the thickness of a cell

membrane 4�10 nm21 and the cell radius a is 3�15mm, the geometry

ratio a/t is large and the core curvature is expected to have minimal

effect on the critical condition ofmembrane buckling. Under an equi-

biaxial stress/strain condition, the critical wavelength and critical

strain associated with buckling of an elastic film (membrane) on

a compliant substrate (cytoskeleton) can be given as11,14,18

lcrit ¼ 2pt

�
3Ecð1� nm

2Þ
Emð1� nc 2Þ

��1=3

: (1)

3crit ¼ 1

4ð1þ nmÞ
�
3Ecð1� nm

2Þ
Emð1� nc 2Þ

�2=3

(2)

The wavelength is seen to scale with (Ec(1 � n2m)/Em(1 � n2c))
�1/3,

linearly with membrane thickness t, and is independent of the cell

radius a. This is confirmed by the numerical simulation results later.

Buckling patterns are further studied numerically using 3D

nonlinear finite element analysis (FEA) with ABAQUS/Explicit.

Initial buckling modes are determined using FEA based on an eige-

nanalysis under external pressure loading. Initial imperfections are

then introduced in the form of a very small amplitude of the critical

mode and the membrane is then subjected to growth via a simulated

areal expansion while retaining the core at constant volume. This

leads to the radial mismatch condition between the core and the

membrane that triggers the buckling of the membrane. The post-

buckling analysis is then conducted up to 30% membrane strain.

Fig. 2a depicts the evolution of membrane surface morphology

during membrane area growth where typical values are used for

material properties (Em ¼ � 100 kPa, and Ec¼ � 1 kPa, nm ¼ nc ¼
0.49, and a ¼ 2500 nm and t ¼ 5 nm).21–25 Above the critical
11320 | Soft Matter, 2011, 7, 11319–11324
condition, a randomdent-like pattern first appears in themembrane

and soon transforms into collections of parallel wrinkles. This

transformation occurs because maintaining the dent-like pattern

requires extensive areal stretching under large deformations and

hence is not energetically favorable during the post-buckling stages.

The length of the parallel wrinkles is observed to be�2–3 times that

of the wavelength. As the membrane continues to grow, the buckle

amplitude increases and the wrinkles further break into a more

disordered herringbone-type of zigzag pattern. The final labyrinth

patterns after a 56% area increase of the membrane provide the

lowest bending energy configuration at large growth strain as shown

inFig. 2bwhere strain energy is concentratedat thepeaksandvalleys

of the wrinkles, forming the spicule-like sharp folds commonly

observedonwhitebloodcells.The substrate (or cytoskeleton) energy

contribution is due to the penetration strain into the substrate by

a thin layer where the depth scales with the wavelength. This agrees

well with the case of a cylindrical shell/core structure.18The interplay

between the cytoskeleton and membrane energy contributions is

shown in Fig. 2c. At small deformation, the energy of both the

cytoskeleton and the membrane increase in a quadratic manner

depending on the growth strain (3growth) of themembrane, where the

total energy consists of the stretching strain energy of themembrane

and the volumetric strain energy of the core. After the critical

condition, both energies increase linearly where the bending strain

energy becomes dominant in the membrane and shear strain energy

is dominant in the cytoskeleton. Hence, the wrinkledmorphology is

clearly energetically favoredover the smooth surface since the energy

of the smooth surface would have continued to increase quadrati-

cally. During membrane growth, the diameter of the cell remains

nearly unchanged and the surface area expands. This indicates the

wrinkled cell surface could serve as a large reservoir for providing

membrane area expansion during volumetric growth of the cell by

unfolding these wrinkles.3,9,26

The curvature is expected to have a negligible effect on the post-

buckling morphology due to large geometry ratio a/t. Here, the

simulation results for the surface morphologies of a spherical

membrane and a planar membrane with the samematerial properties

and membrane thickness (Em/Ec ¼ 100, nm ¼ nc, t ¼ 5 nm) are

compared. The excellent similarity of the wrinkled patterns in Fig. 3a

indicates no apparent curvature-dependence of the morphology. The

critical wavelength (the width) of an individual wrinkle of these two

cases is approximately identical, � 100 nm, and agrees well with the

theory prediction from eqn (1). Considering the membrane thickness

is constant and nm ¼ nc, the critical wavelength is seen to scale with

(3Em/Ec)
1/3. Fig. 3b shows the critical wavelength as a function of

modulus ratio of the membrane and the substrate at a given

membrane thickness of 5 nm. The wavelengths of both spherical

membrane and planar membrane are shown to be an exponential

function of Em/Ec. The numerical results are in agreement with

theoretical prediction, indicating the capability of analytical solution

for predicting wavelength of the membrane on both spherical and

planar substrates. For a planar thin film on a compliant substrate, the

amplitude for the buckling is obtained as11,14

A ¼ t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3growth

3crit
� 1

r
(3)

Fig. 3c shows the amplitude of buckled membrane as a function of

growth strain. When the growth strain is relatively small (<12%), the
This journal is ª The Royal Society of Chemistry 2011



Fig. 2 Cell membrane surface morphology evolution during membrane growth. (a) Out-of-plane displacement at different level of growth strain. (b)

The corresponding elastic strain energy distribution of the membrane at 0.02, 0.05, and 0.25 growth strain (4%, 10%, and 56% area expansion,

respectively). (c) Elastic strain energy of the membrane and the cytoskeleton depending on the growth strain of the membrane.
simulated amplitude agrees well with the theoretical curve given by

eqn (3) for both spherical and planar membranes. At larger growth

strains, the simulated amplitude is clearly greater than the theoretical

estimation. As the growth strain increases, the local regular regions of

sinusoidal wrinkles transformed to a more distributed labyrinth

structure and thewavelength and amplitude becomemore distributed

with peaks becoming sharper and valleys becomingwider (see Fig. 3d

for typical linear traces through the wrinkle profiles). Local wave-

length doubling and fold localization are also observed where the

distance between two neighboring wrinkles varies greatly (see Fig. 3a,

3d and Fig. 4a). Therefore larger amplitudes are expected. To char-

acterize the wrinkle morphology at large deformation, the apparent

wavelength (la, calculated as peak-to-peak or valley-to-valley

distance in linear traces through the wrinkle profile) and amplitude

are obtained from linear traces through the wrinkle profiles at various

locations and orientations. Fig. 3e and 3f show the distribution of

apparent wavelength and wave amplitude derived from linear traces

at 5% and 20% growth strains. The average wavelength is �130 nm

and�145 nmat these two strains, clearlymuch larger than the critical

wavelength� 100 nm for this case. Furthermore, at large strains, the

average amplitude for sphericalmembranes is seen to be clearly larger

than that of the planarmembranes becausemore irregularities appear

in the wrinkle profiles for the spherical membrane (see Fig. 3d) as

a result of more localized folds and wavelength doubling occurring in

the spherical membrane. These differences are also evident in the

wider distribution of wavelength and amplitude in the spherical case

as shown in Fig. 3e and 3f. This is due to the curvature of the

spherical membrane, indicating the curvature dependence at large

strains.

Note that, uniaxial-compression induced wrinkling under large

deformation has been shown to exhibit various evolutions with

strain, such as a wrinkle-to-fold transition,27 hierarchical self-

similar wrinkling patterns,28 and a period doubling bifurcation.29

However, the large strain biaxial-stress induced wrinkling insta-

bility is largely unexplored. In our study, these results reveal the

dynamic change of the membrane morphology during growth-
This journal is ª The Royal Society of Chemistry 2011
induced biaxial deformations from small strains to large strains

which are found to produce the observed surface topologies of

white blood cells.

The initial wrinkle wavelength of a white blood cell, such as B

cell, is computed, under an isotropic membrane assumption, to be

�20t ¼ 100 nm according to both simulation and theoretical

prediction based on the representative material properties of the cell

membrane and the cytoskeleton evolving to a wavelength of

�145nm after 50% growth strain. However, the observed wrinkle of

most white blood cells has a much larger wavelength, varying from

200 to 400 nm.5–7,9 The underestimated wavelength suggests the need

for a more refined model of the cell membrane. For an isotropic

shell, the bending stiffness is given by by kb ¼ Emt
3

12ð1� n2Þ which for

our isotropic properties gives 0.139 � 10�20J, which is 1–2 orders of

magnitude smaller than the experimentally measured value 0.13 �
4.3 � 10�19J of lipid bilayers21(1.3 � 10�19J for red cell plasma

membrane30). This indicates a highly anisotropic membrane

behavior rather than isotropic. Note that for an isotropic material,

the Poisson ratio is energetically limited to lie between �1< n <0.5

and our use of n ¼ 0.49 provided a highest value for kb given the

reported Em. Furthermore, the areal modulus of a membrane, EA ¼
Em/(1 � n) is also reported to be much higher than possible for an

isotropic material given the reported Em ¼ 100kPa where EA ¼
0.12 � 0.48 � 105kPa 21(which suggests a n of close to 1 which

would be further consistent with nearly constant surface area

deformation). Considering both the area compression modulus and

the bending stiffness of lipid bilayers,21 an anisotropic (transversely

isotropic) model is suggested for the bilayer cell membrane with

material property E1 ¼ E2 ¼ E3 ¼ 100kPa, G12 ¼ 20kPa (in plane),

G23 ¼ G13 ¼ 30kPa (out of plane), n12 ¼ �1.0 (in plane), n23 ¼ n13 ¼
0.0 (out of plane) based on known material properties.21 For

example, let n12 ¼ 0.99, we have a bending stiffness of kb ¼ 2.08 �
10�19J, which is close to the average value of experimentally

measured bending stiffness of lipid bilayers. Given this, the critical

wavelength can be obtained as
Soft Matter, 2011, 7, 11319–11324 | 11321



Fig. 3 Simulated configuration of membrane surface morphology. (a) Comparison of wrinkled surface between spherical membrane and planar

membrane at 20% growth strain. (b) Critical wavelength as a function of modulus ratio of the membrane and the substrate. (c) Normalized buckling

amplitude as a functionof growth strain. Solid lines are theoretical curves for bulkingof a thin filmon a compliant substrate. (d)Representative 1Dwrinkle

geometry characteristics of regions cut from linear traces through the wrinkle profile of the spherical membrane and planar membrane in Figure 3a at 5%

and20%growth strains. (e)Apparentwavelengthdistributionderived from1Dwrinkle profile of sphericalmembrane andplanarmembraneat twogrowth

strains. (f) Apparent wave amplitude distribution derived from 1D wrinkle profile of spherical membrane and planar membrane at two growth strains.
lcrit ¼ 2pt

�
3Ecð1� n12

2Þ
E1ð1� nc 2Þ

��1=3

(4)

The anisotropic model is implemented in the FEA simulation to

examine the influence of anisotropy on the predicted surface

morphology as shown in Fig. 4. Two anisotropic models are

considered (where n12 ¼ 0.95 and n12 ¼ 0.99) and compared with the

previous isotropic model. Each model exhibits a similar labyrinth

pattern but the wavelength clearly differs. Since the bending energy in

cell membranes is dominant in the post-buckling configurations, the

isotropic model with a smaller bending stiffness underestimates the

wavelength of surface wrinkles. The larger bending stiffness of the

anisotropic model leads to a longer wavelength. The anisotropic

model with a bending rigidity of 2.08 � 10�19J results in an average

initial critical wavelength of 270nm and a wavelength of 400nm after

a growth strain of 20%, which agrees better with the SEM study of

white blood cells.6,7 This also agrees with the theoretical prediction as

seen in Fig. 4e, which indicates the biaxial bending stiffness plays

a significant role in the wavelength. In this case, the amplitude of

wrinkles increases at a growth strain of 20% is as large as �70 nm
11322 | Soft Matter, 2011, 7, 11319–11324
compared to�20 nm for the isotropic case. The anisotropic model is

capable of representing the intrinsic structural anisotropy of the cell

membrane and thus provides a better prediction of the wrinkled

morphology upon membrane growth.

It is also interesting to note that the surface wrinkles are stabilized

through membrane-cytoskeleton linkages31 after growth, i.e.

a molecular velcro mechanism,26which makes the release of wrinkled

membrane to be more complicated. To evaluate this, passive aspi-

ration of neutrophils into micropipettes has been studied31 and

showed that a 5% membrane area expansion is obtained at small

suction force, which represents the fraction of slack in the wrinkles

before breaking linkages/crosslinks that hold wrinkles together. For

further expansion, a greater force is required to break these linkages/

crosslinks to release wrinkles. They also find a significant stiffness

increase at amembrane expansion of 25–30%, indicating the wrinkles

are smoothed out.More interestingly, when neutrophils are activated

to expand their membrane, the force required to unravel the wrinkles

is reduced significantly.31 This enables easy and rapid morphology

changes of neutrophils during phagocytosis, adhesion, or chemotaxis.

Similar phenomena have been observed in the B cell where a B cell
This journal is ª The Royal Society of Chemistry 2011



Fig. 4 Anisotropic effects of cell membrane on the surface morphology. (a) Isotropic shell with nm ¼ 0.5 and kb ¼ 0.014 � 10�19J, (b) Anisotropic shell

with n12 ¼ 0.95 and kb ¼ 0.4� 10�19J, (c) Anisotropic shell with n12 ¼ 0.99 and kb ¼ 2.08� 10�19J. In the contours blue indicates valley and red indicates

peak. (d) Representative 1D wrinkle geometry characteristics of linear traces through the wrinkle profile at 5% and 20% growth strains. (e) Critical

wavelength as a function of in-plane Poisson’s ratio of the membrane.
rapidly spreads over a target membrane 3 min after contact with

membrane-bound antigen.7

In conclusion, buckling instabilities duringmembrane growthwere

shown to provide a physical route for the development of the laby-

rinth-like wrinkled morphology of a white blood cell. The wrinkle

wavelength and amplitude of membranes can be quantified by the

anisotropic elastic properties and the thickness of the cell membrane

and the elastic properties of the underlying cytoskeleton. The

microstructure of lipid bilayer suggests that the anisotropy should be

considered for the cell membrane to achieve the experimentally

observed wrinkle wavelength pattern and amplitude; and the evolu-

tion in the pattern with large deformation explains the sharp peaks

and wide valleys to the labyrinth-like wrinkled topology. The wrin-

kled topology of the membrane enables large area expansion and

rapid change of shape of white blood cells undergoing processes such

as chemotaxis and phagocytosis. This research is expected to

contribute to the understanding and modeling of physical charac-

teristics of cellular immune response and biomedical applications

where membrane mechanics plays an important role.
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