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Dynamic Failure of a Lamina Meshwork in Cell Nuclei
under Extreme Mechanical Deformation
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Abstract The nuclear lamina is a structural protein
meshwork at the inner nuclear membrane. It confers
mechanical strength to the cell’s nucleus and also sustains
the overall structural integrity of the cell. The rupture of
nuclear lamina is involved in many physiologically extreme
conditions, such as cell division, genetic disease, and injury.
Yet, its rupture mechanisms and processes are largely
unknown and failure models commonly used for engineer-
ing materials cannot be directly applied due to the complex
hierarchical structure. Here, we use a multiscale modeling
technique to investigate the dynamic failure of the nuclear
lamina meshwork from the bottom up. We find that flaws or
cracks in the nuclear lamina act as seeds for catastrophic
failure that propagate rapidly upon very large deformation.
Fracture occurs via crack propagation at intersonic speeds,
and greater than the Rayleigh-wave speed predicted as a
limit by classical fracture theory but smaller than the
longitudinal wave speed. Our analysis shows that nanoscale
secondary structural changes in protein filaments such as
the alpha—beta transition and intermolecular sliding explain
this macroscale phenomenon. Based on a simple model, we
discover that the crack propagation speed is governed by
the square root of the ratio of the tangent material moduli in
(Ey) and perpendicular (£,) to the crack propagation
direction, v ~ /E,/E, where the relative levels of applied
strains in the x- and y-direction control the crack speed.
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1 Introduction

The term intermediate filament refers to a heterogeneous family
of cytoskeletal and nuclear skeletal proteins with the ability to
self-assemble into ~10-nm-wide filaments [1-4]. The name
was coined back in 1968 because their diameters appeared to
be intermediate in size between those of two other prominent
cellular components, microtubules and microfilaments [3].
Intermediate filaments are fibrous proteins that are absent
from both plants and fungi, but found widely in animals; and
they are linked to several human diseases [5—8]. Lamin is a
type of intermediate filament that is found in the nuclear
lamina meshwork, which is a key building block that
maintains the integrity of the cell's nuclear envelope [2]. The
nuclear lamina features high strength and extensibility, enabling
it to protect the genetic material inside the nucleus from
damage. However, physiologically extreme conditions, includ-
ing contraction of muscular cells, depolymerization during cell
division, the exposition to ionizing radiation, and genetic
mutations, can lead to flaws and defects within the meshwork
structure. Accumulated flaws can result in the generation of
crack-like defects as shown in earlier experimental work [9].
Much attention has been paid to the physiological character-
istics of the nuclear lamina, and especially to the factors that
affect the stability of the nuclear envelope. The nuclear lamina
is found to be highly mutation sensitive, and a complex set of
more than 13 different human diseases including Hutchinson—
Gilford progeria syndrome (rapid-aging disease) [5, 6, 8] is
found in humans. For example, the rapid-aging disease
originates from a point mutation at the tail domain of the lamin
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Fig. 1 Hierarchical structure of an intermediate filament meshwork as
found in the inner layer of nuclear envelope of Xenopus oocytes,
boundary conditions in simulations, geometry of the meshwork model
and tensile properties of a single intermediate filament. a Schematic of
the hierarchical intermediate filament structure that ranges from nano
to macro. Panel a shows typical structural features of intermediate
filament meshwork, including hydrogen bonds, coiled-coil composed
of alpha-helix, a lamin A dimer composed of coiled-coil and linkers,
bundles of dimers that fuse laterally to form full length filaments with
a diameter of »~10 nm, which form an orthogonal meshwork attached
to the inner nuclear membrane with a lattice constant of~50 nm [2].
The scale bar is 1 um. b The geometry of the orthogonal meshwork
model, boundary conditions, and the coordinate system used in our

subunit, and is also known to alter the mechanical properties of
the entire nuclear envelope [1, 6, 8, 10, 11]. Recent research
revealed that defect accumulation in lamin also plays an
important role in normal aging of human beings [12]. It has
been shown in experimental studies that mutations and defects
in nuclear lamina affect the nuclear envelope breakdown
process during cell division, which can be a direct reason to
cause illness. However, no studies have thus far linked the
physical properties of the nuclear lamina to its underlying
atomic and molecular structure and provided an explanation
for its fundamental failure mechanism across multiple scales
as has been done for other (e.g. engineered) materials [13—15].

In this paper, we investigate the mechanical failure of the
nuclear lamina meshwork. We use a simple coarse-grain
meshwork model with a realistic geometric and physical
properties derived directly from the molecular scale to
mimic the lamina meshwork of Xenopus oocytes [2, 16] as
shown in Fig. 1a. We symmetrically fix one single layer of
coarse-grain particles (so-called “beads”) near the mesh-
work boundary and apply loading as shown in Fig. 1b. This
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simulations. The initial crack is oriented into the x-direction and the
meshwork is loaded in one or both directions. The parameters b, /, and
h denote the thickness, length, and width of the meshwork model; d is
the lattice constant (=50 nm) and 2a is the initial crack length. ¢
Schematic of the coarse-grain method used to model the meshwork.
Mesoscopic particles or “beads” are used to describe full length
filaments, where the equilibrated nearest neighbor distance is ry and
an interbead potential fitted from stretching tests based on full
atomistic modeling of intermediate filament is adopted. Inserted
figures are snapshots of the atomic model of a segment of the 2B
domain of an intermediate filament dimer under stretching, revealing
molecular mechanisms of deformation

setup resembles linear rails with guides clamped to the
boundary as done in earlier experimental and computational
studies [17, 18]. The mechanical response of each filament in
the meshwork is modeled according to the mechanical
response of a corresponding full atomistic model under tension.
The deformation mechanisms revealed by a series of earlier
atomistic modeling [19, 20] include: (a) a yielding regime
(unfolding of alpha-helices), (b) a stiffening regime (alpha-to-
beta structural transition), and (c) a secondary yielding regime
(interprotein sliding under breaking of interprotein beta-
strands). These fundamental mechanisms of deformation of
each filament under loading are summarized in Fig. 1c.

2 Materials and Methods
2.1 Simulation Setup

This study uses a coarse-grain approach to implement a
mechanical model of the intermediate filament meshwork
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based on a hierarchical finer-trains-coarser multi-scale
scheme. The entire structure of the nuclear envelope
involves many other components, including the chroma-
tin (resembling amongst others the genetic material) and
cytoskeletal proteins. So far, however, only the amphib-
ian oocytes' nuclear lamina has been isolated in experi-
ments without association with chromatin [21]. Therefore
the model we study here represents a first approximation to
the realistic structure of other nuclear laminas, which may be
more disordered and/or have slightly variegated structures.
We also note that it differs from the physiological process of
nuclear envelope breakdown process during cells' division
since other chemical effects on the meshwork are not
included in our work. This is motivated by the fact that it
has been shown that an important function of the nuclear
lamina is maintaining the mechanical integrity of cell
nuclei, which is the focal point of this work [22].

The meshwork model shown in Fig. 1b includes 20
filaments in the y-direction (1 wm) and 100 filaments
(5 um) in the x-direction, with a crack-like defect added in
the center to mimic a structural imperfection [9]. Filaments
at the orthogonal corners are cross-linked by strong,
covalent bonds which cannot break apart in our model.
This assumption is based on the fact that the covalent bonds
forming these cross-links are much stronger than the forces
needed to cause filament rupture by sliding. All simulations
reported here are carried out in two steps. First, we perform
a relaxation during which we equilibrate the system.
Relaxation is achieved by energy minimization, heating
up the system from 0 to 300 K, then annealing the structure
at a temperature of 300 K. Second, we perform a loading
simulation during which we keep the system at 300 K using
an NVT ensemble and apply a constant strain rate of

repeat our simulations, stop the increasing loading, fix the
boundary at target strains, and record the steady-state crack
propagation speeds.

2.2 Multi-scale Modeling Approach

The mesoscopic model is set up based on a combination of
experimental and full atomic calculation data [2, 19]. We
use a mesoscopic model describing each intermediate
filament as a series of beads interacting according to
nonlinear interparticle multibody potentials. The total
energy is given by:

E, = Er + Ej, (1)

The total energy is given by the sum over all pair-wise
and three-body interactions:

ET = Zpair Pr (r)’EB = Ztriplets (PB(G) (2)

where @7 (r) defines the pair-wise interaction potential
between two bonded beads as a function of the distance r
between the two beads, and ¢ (0) defines the three-body
interaction potential among three bonded beads as a
function of the interior angle 6 of the two pair bonds.
Here, we approximate the nonlinear force-extension behav-
ior under tensile loading with a multi-polynomial potential
model that has been used successfully in an earlier study of
deformation of single filaments found in the cytoplasm
[23]. The tensile force between two particles (beads as
illustrated in Fig. lc) is described as:

0.13 ns”! to continuously increase the loading applied until Fr(r) = =0¢z(r)/0r, 3)
the crack begins to travel through the entire meshwork. In
studying the crack speed-to-applied strain relationships, we Where
ki (r —ro)
r<<nr
Apr(r) — fex (r — 7 =) 1) R +lo(r—r) F < ()
or 7 R, +k31(r—r2) +k32(r—r2)2+k§’(r—r2)3 r<r;
R3 r> r3

In Eq. 5, k; and r; are spring constants that derived
directly from the force-extension curve of the tension test of
full atomic model (as shown in Fig. lc). ry is the
equilibrium distance between pair beads. Alpha-helix
domains within the filament are intact before the extension
reaches r; and the slope of the force-extension curve is
constant as defined by k;. The extension beyond 7, leads to
the unfolding of the alpha-helix domains until they become
nearly fully unfolded at ,, and in this extension region the

force-extension curve is linear with a slope of k. The third
region before the extension of r; corresponds to the
stiffening of the material because of the alpha—beta
transition, and the nonlinearity of the force extension curve
is expressed by a polynomial function with stiffness
parameters k3, k3, and 3. In the fourth region, the subunits
within the filament slide against each other under a constant
force. The parameters R, R,, and Rz are calculated from
force continuity conditions.
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Table 1 Geometric and numerical parameters for the coarse-grained
computational model

Parameter and units Numerical value

Equilibrium bead distance 7, (in A) 50
75, 95, 138, 180
0.1595, 0.0324,

Critical distances 7y, 71, 73 (in A)

Tensile stiffness parameters ky, &,
(in kcal/mol/A?)

Tensile stiffness parameters for nonlinear region 0.2044, 0.0146,
ki (in keal/mol/A®), &2 (in kcal/mol/A®), k3 9.2465x107*
(in kecal/mol/A%)

Force continuity conditions Ry, R, and R 3.9877, 4.6357,

(in kcal/mol/A) 113.9364
Bond breaking distance 7, (in A) 180
Equilibrium angle 0, (in rad) s
Bending stiffness parameter kp 169.51

(in kcal/mol/rad?)

Mass of each mesoscale particle (in amu) 230913
Switch function = 300
Density p (in kg/m?) 260

The value of these parameters are given in Table 1
without empirical fitting and are based directly on molec-
ular modeling results. The Fermi—Dirac distribution function
introduces two additional parameters r, and = [24]. The
parameter r, denotes the critical separation distance for
breaking of the filament and the parameter = describes the
amount of smoothing around the breaking point (the smaller
=, the smoother the curve becomes). A similar strategy to
model the potential near rupture for numerical analyses has
been used in earlier studies. The numerical value of ='is set
to a large value (==300) similar as in earlier work [24], and
is chosen to mimic the steep descent characteristics of the
force-extension curve as obtained from the molecular-level
tetrameter model as depicted in Fig. Ic.

The bending energy is given by:

£u(6) = Shs(0 — O0)° 5)

with kp relating to the bending stiffness of the intermediate
filament ET through kg = 3EI /ry. The parameter EI relates
to the intermediate filament persistence length L, through
EI=L,KpT, where Ky is the Boltzmann constant and 7'is the
temperature.

The geometry of the meshwork is obtained from
experimental observations of the nuclear lamina of Xenopus
oocytes [2]. The meshwork is composed of two sets of
near-orthogonal intermediate filaments with a lattice con-
stant of d=50 nm, and we use d to normalize the crack
length. We use a mesoscopic beads to model the each
intermediate filament within the meshwork and define
ro=>5 nm; this length is much smaller than the persistence
length of the full length filament (on the order of 1 um) and
it is equal to the radius of the full length filament.

@ Springer

2.3 Damping

The damping effect is included in the model by considering
the energy dissipation of the intermediate filament in
motion caused by the viscosity of water environment. We
note because of the small characteristic dimension of
intermediate filaments, the Reynolds number «2,300 [25]
and the drag force is approximately proportional to particle
velocity (laminar flow). We use Stokes' law to estimate the
drag force by [25]:

Sarag = —OTURY, (6)

where 1 = 8.6 x 107#Pa - s is the fluid viscosity constant
of water at room temperature, R is the equivalent spherical
radius of the mesoscopic bead, which equals to the radius
of a sphere of equivalent volume given by [26]

3
(—br)"V? (7)

R=(—
16

with the geometry parameters of the mesoscopic bead (here,
b=10 nm is the averaged diameter of intermediate filaments
as measured in experimental work [1-4]), and we have
R=4.5 nm. The parameter v denotes the relative velocity of
the particle motion in a continuous viscous fluid.

2.4 Crack Propagation Velocity Measurements

The rupture length for bead-bead bonds is defined as
1.03r,, where the corresponding value of the Fermi—Dirac
function is <5x107>. The crack tip position is determined
by finding the x-coordinate of the interior surface particle
with maximum x or minimum x positions. We obtain the
crack length by measuring the length between the two crack
tips and average it over a small time interval to eliminate
high-frequency fluctuations. We differentiate the half length
with respect to time to obtain the crack propagation velocity
for each of the two crack tips. To obtain the steady-state
velocity of the crack, we ensure that the crack onset is
within the region that the crack length satisfies 2L/d<35;
and we average the crack propagation speed as it reaches C
beyond this region.

2.5 Computing Technique

The molecular simulations described here are carried out
with a classical molecular dynamics approach by using an
extended version of the LAMMPS code [27]. Visualization
of atomic and mesoscopic models is carried out with the
Visual Molecular Dynamics (VMD) software. Hydrogen
bonds are defined to be within 5A for visualization
purposes for atomic models for the inlays shown in Fig. 1
[28]. Visualization of the meshwork model is performed
using MATLAB.
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3 Results and Discussion

Figure 2 illustrates the failure mechanism of the meshwork
with several snapshots shown for the case of uniaxial
tensile crack loading (resembling mode I). To realize
uniaxial tensile loading only ¢, is increased with a constant
lateral strain ,=0. The meshwork is deformed and snap-
shots are taken at applied strains of &,;=37%, &,,=161%,
€,3=162%, £,4=167%, €,5=172%, and c,,=174%. We
observe no failure before €,,=161%, but the crack trans-
forms from an initial horizontal orientation with a sharp
edge pointed in the x-direction into a vertical orientation
where the longest axis points in the y-direction. We observe
that instead of forming a highly localized yield zone at the
crack tip as typically seen in materials with a crack, all
filaments in the direction in which tensile load is applied
stretch significantly, and deformation extends over the

¥

Particle speed (m/s)

Fig. 2 Snapshots of deformation for a meshwork under uniaxial
tensile (mode I) loading. The meshwork is deformed in the y-direction,
with zero strain in the x-direction (£,=0) and I: £y1=37%, II: €,,=
161%, III: £,3=162%, IV: £,4=167%, V: £,5=172%, and VI: €=
174%; constant strain rate of 0.13 ns~'. As loading is increased the
crack shape changes from initially horizontally oriented (in /) to a

entire specimen and is not limited to the crack tip region.
A detailed analysis of the molecular state of these filaments
reveals that the coiled-coil structure within each dimer
building block has undergone molecular unfolding and a
subsequent alpha—beta transition [20]. Catastrophic failure
of the meshwork occurs once loading reaches &,3=162%
and proceeds by rapid extension of the initial crack, which
continues to propagate as a rapidly moving single crack as
is shown in Fig. 2(III-VI). At the single filament scale,
crack propagation is facilitated by the sliding apart of
protein filaments after the transition into antiparallel beta-
strands is completed, as is shown in Fig. lc. Crack
propagation occurs in a straight fashion into the x-direction
without any branching or other instabilities.

We proceed with a detailed analysis of the dynamics of
failure by crack propagation. We measure the steady-state
crack speed C and find that C=18 m/s, C=21 m/s, C=

vertically oriented shape (in // and following snapshots). As the crack
propagates though the meshwork, two wave fronts emerge at the tip of
the moving crack. One wave front is almost orthogonal to the crack
propagation direction whereas the other one forms a well-defined
cone. The angle « denotes the angle between the wave front and the
crack propagation direction, and resembles a Mach cone
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Fig. 3 Shear stress—strain relation at different axial loading €, (a) and shear modulus G as a function of axial loading &, (b). The results show that
shear moduli G exponentially increases with increasing ¢,, and that a broad range of G can be achieved by altering &,

26 m/s, and C=28 m/s from small to large deformation, or
from €3, €4, €5, t0 €,6. We observe that as the crack
moves through the material, two distinct wave fronts
emanate from each crack tip as shown in Fig. 2(III-VI).
One of the wave fronts resembles a shock front similar to a
Mach cone, whereas the other one is almost orthogonal to the
crack propagation direction. For the clearly visible shock
wave, the measured angles between the wave front and the
crack propagation direction are a~53°, 45°, 36°, and 33° for
strains €,3, €4, €5, and €,¢, respectively. Using these angles
we estimate the wave speed associated with this particular
shock wave based on the relation sin (a)=C,/C, where C is
the characteristic wave speed that corresponds to the wave
front with an angle of . Based on this analysis we find Cy=
14, 15, 15, and 15 m/s of €3, €4, €5, and €, respectively.
The occurrence of the shock wave suggests that crack

propagation occurs faster than a characteristic wave speed of
the material, which is estimated to be around 14-15 m/s.
According to continuum theory the Rayleigh-wave speed is
given by Cr &~ 0.923,/G/p, the shear-wave speed by Cs =
/G/p and the longitudinal wave speed is given by
C;, = +/3G/p, where G is the shear modulus of material
and p is the averaged mass density of the meshwork model.
To estimate the wave speeds as a function of applied strain
for the protein meshwork considered here we apply a shear
stress 7y, on the boundary of a perfect meshwork model
under tensile loading with a strain ¢, and record the shear
stress over shear strain response as shown in Fig. 3a. We
measure the shear modulus G of the meshwork material by
computing the slope of the curve at the origin, with results
shown in Fig. 3b. By continuously changing the value of ¢,
we compute the shear modulus as a function of applied strain

Fig. 4 Snapshots of deformation for a meshwork under equi-biaxial
tensile loading. The meshwork is loaded by equi-biaxial tension in the
x- and y-directions (loading condition shown in Fig. 1b); constant

strain rate of 0.13 ns'. The meshwork is deformed with an applied

strains of I: £,,1=37%, II. £,,=161%, III: €,3=162%, IV: 4=
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165%, and V: €,,5=168%. The crack starts to propagate at the critical
strain of €,,3=162%. Comparing to the uniaxial tension test shown in
Fig. 2, there are two main differences: first, the initial x-direction crack
does not flip to the y-direction before failure; second, no shock front
or Mach cone is observed here
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in the orthogonal direction. The analysis shows that the shear
modulus and thus wave speeds increase as the loading is
increased. For €,=0 the shear-wave speed and longitudinal
wave speed in the x-direction are estimated to be C;=25 m/s
and Cg=14 m/s, respectively. We thus conclude that the
shock wave front seen here corresponds to the shear-wave
speed that it is caused by crack propagation faster than the
speed of shear waves in the surrounding meshwork material,
where C>Cg; representing intersonic crack propagation.

We suggest that the occurrence of intersonic crack
propagation is due to the stiffening of the meshwork in
the loading direction (y-direction), which results in an
increased tangent modulus and as a result, in increased
wave speeds and thus faster energy transport that can drive
the crack to faster velocities [24, 29]. The shock front
emerges because the wave speeds become anisotropic under
uniaxial loading. The shear-wave speed and thus rate of
energy transport in the y-direction increases as loading is
increased due to the stiffening of the meshwork. Yet, the
shear-wave speed in the x-direction is limited to a constant
value, and hence, we observe the emergence of a shock
front as the crack speed is driven to larger values in excess
of the shear-wave speed. To test this hypothesis we carry
out an equi-biaxial fracture test where the applied strain is
identical in the x- and the y-direction, such that ¢,=¢,. We
expect a lack of shock wave fronts in this case due to the
fact that under equi-biaxial loading the tangent moduli and
thus wave speeds increase equally in both the x- and y-
directions. The dynamics of meshwork failure under equi-
biaxial tensile loading is depicted in Fig. 4. Two differences
are immediately noticeable by comparing to the uniaxial
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w
E 304 i & ,
‘§ 20{ P ¥ |
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Fig. 5 Steady-state crack propagation speeds, Rayleigh-wave speed
and longitudinal wave speed as a function of loading conditions. a
Crack speed as a function of uniaxial loading strain ¢,. The crack
speed is calculated from the derivative of half crack length a to the
time once the value becomes steady; the fluctuations of the measured
speed define the standard deviation as shown by the error bars. The
Rayleigh-wave speed and longitudinal wave speed in the x-direction
are calculated from the shear modulus G (as given in Fig. 3b) of a
perfect meshwork model subjected to the corresponding loading

tension case shown in Fig. 2. First, the initial x-direction-
oriented crack does not flip to the y-direction. This is
because under biaxial tension the strain in the filaments in
both the x- and y-directions increase equally, preventing a
change of the crack shape before failure. Second, in
agreement with our hypothesis, no shock wave is observed
upon failure initiation here in stark contrast to the case of
uniaxial loading studied in Fig. 2.

The applied tensile strain is an important factor that
affects the crack speed. For uniaxial loading (£,=0), we
observe that the crack speed C is higher than the shear-
wave speed Cs and increases linearly with ¢, and can
slightly exceed C; at the ultimate strain beyond £,=172%
as shown in Fig. 5a. The maximum speed we observe under
this loading condition is 32 m/s. We also investigate a case
of multi-axial loading, where we keep £,=176% and
change ¢, (note this case is different from the equi-biaxial
loading discussed above since here generally e, #¢,).We
find that the crack speed increases significantly with
increasing ¢, with a maximum speed of 280 m/s as shown
in Fig. 5b. For comparison, we also plot the wave speeds
Cr (the limiting speed predicted by linear-elastic fracture
mechanics for a mode I crack) and C; and find that they
also increase with increasing strain in the x-direction,
defining an upper and lower bound for the crack
propagation speed. The observations made here show that
the change in the applied strain in the nuclear lamina
meshwork has significant implications on their dynamic
fracture behavior. Indeed, it has been found in rupture
experiments of rubber [17] that the crack propagation
speed in a biaxial fracture test is between the Cy and C; in

b 500

400 -

:

Speed (m/s)
3

0.0 0.5 1.5

1.0
g (sy=1.76}

condition. b Crack speed as a function of loading strain ¢,, with ¢,=
176% kept constant. The crack speed significantly increases as ¢,
increases, and the crack speed is between the Rayleigh-wave speed
and longitudinal wave speed in the plastic zone, which act as the
lower and upper bound of the crack speed, respectively. The results
shown here demonstrate that the crack propagation speed in the
nuclear lamina is governed by the loading condition and the lateral
strain ¢, is more dominant in governing the crack speed
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Fig. 6 Crack speed in an ideal anisotropic elastic meshwork. As the
schematic of the geometry of the meshwork and definition of
coordinates shows in panel b, the meshwork is composed of two
kinds of linear-elastic filaments with different stiffnesses in the two
orthogonal directions, which results in an anisotropic material with
different moduli in the x- and y directions (E, and E,, respectively).
The ultimate failure strain of each filament is set to be 176%, and
crack speeds in this study correspond to the steady-state obtained at
applied strain of ,=0 and ,=156%. a, Crack propagation speed as a
function of E, and E,. The maximum modulus (found to be 38.3 MPa)
here corresponds to the maximum tangent modulus of the nuclear

the rubber thin film, in agreement with our findings. For
the specific cases considered here, the maximum speed
reaches 22 times of the Rayleigh-wave speed at the
relaxed zero-strain state.

We also study effect of damping due to the presence of
water, by considering a viscous drag force. Under the presence
of water the critical strain - needed for crack initiation
increases as the crack starts to propagate at a higher strain
level. Once the crack starts to move, its steady speed starts
with the Rayleigh-wave speed, increases in a steeper linear
function with the increasing strain condition and reaches a
maximum value as the same strain as in the model without
solvent effect as shown in Fig. 5a. This result agrees with
experimental observations that suggested that solvent vis-
cosity slows down crack initiation as well as the propagation
speed under constant pulling rates [30]. However, what we
observed here is that the effect of viscosity vanishes at
extreme loading conditions and does not affect the steady-
state maximum crack speed in this case.

Unlike engineering materials such as metals, glass, and
silicon, the nuclear lamina has a complex hierarchical
structure as shown in Fig. 1. The change of the crack speed
in the meshwork as a function of the applied strain is
controlled by the stiffening behavior of individual interme-
diate filaments, which in turn is caused by characteristic
changes in the molecular structure. As the secondary
structure of each intermediate filament undergoes alpha-
helix unfolding and an alpha-beta transition, the tangent
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lamina. b The crack speed decreases as E, increases and increases as
E, increases, as illustrated by schematic plots in red and blue,
respectively. Data points with same crack speeds are combined in
groups as shown in the plot, which confirms that materials with same
W/Ex/Ey feature the same crack speed. The results demonstrate that
the crack propagation speed is governed by the ratio of the tangent
material modulus in and perpendicular to the crack propagation
direction, as given by v ~ \/E,/E,. Therefore various crack propa-
gation speeds are accessible via different ratios of \/E\/E, as can be
achieved by different strain levels (., €,) in the real intermediate
filament meshwork system

shear stiffness of the meshwork experiences a significant
increase, leading to a greater Cgr, Cs, and C; at larger
deformation since Crsz ~ VG. To directly test the hypoth-
esis that the tangent stiffness controls crack dynamics, we
measure the crack propagation speed in a linear-clastic
meshwork system where we define a different stiffness for
filaments in the x- and y-directions, respectively; where
filaments are modeled by simple linear springs. This results
in a meshwork with distinct elastic moduli £, and E), in the
x- and y-directions, respectively. This mimics the anisotropic
material properties that emerge when the loading in the x-
and y-directions is different. Figure 6a shows the crack speed
for varying combinations of elastic moduli, where crack
propagation occurs in the x-direction and the moduli E, and
E, are systematically changed. As can be inferred from
Fig. 6a, the crack speed reaches the largest value as E,
decreases toward 0 MPa and E, increases toward 38.3 MPa,
which corresponds to the maximum tangent modulus of
nuclear laminas before failure, as represented by Fig. 6b. The
crack speed exponentially increases with the ratio\/E,/E,
for variations of the elastic moduli in the orthogonal
directions. This suggests that the crack propagation speed
is governed by the ratio of the tangent material moduli in and
perpendicular to the crack propagation direction, as given by
v ~ /E\/E,. Therefore, various crack propagation speeds
are accessible via different ratios of \/E,/E, as can be
achieved by different strain levels (e, €,) in the natural
intermediate filament meshwork system.
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4 Conclusion

Our results show that the speed of the crack propagation in
intermediate filament meshwork is governed by the applied
tensile strain in both the x- and y-directions. Under uniaxial
loading tests, the crack speed exceeds the shear-wave
speed, leading to a shock front or Mach cone at the crack
tip, as shown in Fig. 2. We found that this phenomenon is
caused by the material stiffening behavior, which is
induced by the alpha-to-beta transition in the protein's
secondary structure for the specific case considered here.
This result is not limited to the particular material studied
here but can have broad applications to many other protein
or polymer materials with structural transitions and related
stiffening (or softening) behavior under loading which may
control the dynamics of material failure. Generally, the
crack propagation speed reaches values greater than those
predicted by simply considering the small-deformation
moduli and associated wave speeds. It is noted that
whereas intersonic crack speed contradicts conventional
fracture theory for engineering materials, it agrees with the
findings from earlier studies of nonlinear materials [24, 29,
31, 32].

The rapid propagation speed of the nuclear lamina
meshwork seen here may reflect the behavior of cell nuclei
during the cell division process from mechanical points of
view. The occurrence of rapid fracture shows that once an
extreme loading condition is reached, cracks propagate at a
fast (here: intersonic) speed. This behavior may explain
experimental observations that the nuclear envelope break-
down processes during cell divisions are indeed found to
occur at short time-scales and are irreversible. For human
somatic cells, the chromatin is tightly associated with the
nuclear lamina [21, 22], which may by some extent slow
down crack propagation speeds. However, neither in situ
nor in vitro experiments of somatic nuclear laminas are
available yet. We hope that our study will trigger a broader
interest in studying dynamic failure of cell nuclei, which
may eventually facilitate the development of more complex
somatic nuclear lamina models through the availability of
additional experimental data.

More generally, the multi-scale method used here provides
a powerful bridge to overcome the four orders of magnitudes
difference in length scales to appropriately describe the
characteristic of catastrophic failure in the nuclear lamina
meshwork. Based on this method, it may also be possible to
study the effect of diseases caused by point mutations and
their effect on the mechanical and failure properties of nuclear
laminas. The approach used here could also be applied to
other hierarchical materials and provide insight into their
dynamic failure mechanisms [33-37]. Additional work is
needed to develop a solid theoretical foundation for fracture
in discrete nonlinear systems as studied here and to provide a

deeper investigation of the effect of solvent and chromatin
on crack dynamics.
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