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Divalent Cations Crosslink Vimentin Intermediate
Filament Tail Domains to Regulate Network Mechanics
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Intermediate filament networks in the cytoplasm and nucleus are critical for
the mechanical integrity of metazoan cells. However, the mechanism of
crosslinking in these networks and the origins of their mechanical properties
are not understood. Here, we study the elastic behavior of in vitro networks of
the intermediate filament protein vimentin. Rheological experiments reveal
that vimentin networks stiffen with increasing concentrations of Ca2+ and
Mg2+, showing that divalent cations act as crosslinkers. We quantitatively
describe the elastic response of vimentin networks over five decades of
applied stress using a theory that treats the divalent cations as crosslinkers: at
low stress, the behavior is entropic in origin, and increasing stress pulls out
thermal fluctuations from single filaments, giving rise to a nonlinear response;
at high stress, enthalpic stretching of individual filaments significantly
modifies the nonlinearity. We investigate the elastic properties of networks
formed by a series of protein variants with stepwise tail truncations and find
that the last 11 amino acids of theC-terminal tail domainmediate crosslinking
by divalent ions. We determined the single-filament persistence length,
lP≈0.5 μm, and Young's modulus, Y≈9 MPa; both are consistent with
literature values. Our results provide insight into a crosslinking mechanism
for vimentin networks and suggest that divalent ions may help regulate the
cytoskeletal structure and mechanical properties of cells.

© 2010 Elsevier Ltd. All rights reserved.
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Introduction

Intermediate filaments are highly abundant pro-
teins in the cytoplasm and nucleus of metazoan cells.
These proteins form networks1,2 that are critical for
maintaining cell and nuclear shape,3–7 the mechan-
ical integrity of the cytoplasm,8 and cell-substrate
adhesions.3 Disruptions in the structure and assem-
bly of intermediate filament networks lead to cell
fragility in response to mechanical stress;1,9 this may
furthermore result in destabilization of F-actin and
microtubule networks.3 Moreover, intermediate
filaments are implicated in numerous diseases:10–13

for example, vimentin, the intermediate filament
protein, is associated with posterior cataracts14 and
various muscle diseases.15 To elucidate the structure
ess:
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and assembly of these filaments, purified vimentin
provides a tractable, in vitro experimental system:16

These proteins harbor a ∼45-nm-long central α-
helical “rod” domain, flanked by an amino-terminal
“head” domain and a carboxy-terminal “tail” do-
main, that mediates the formation of parallel coiled-
coil dimers,17 which further associate into antiparallel
half-staggered tetramers; these form stable complexes
under low-ionic-strength conditions. Upon an in-
crease in the salt concentration to near-physiological
values, individual tetramers associate laterally to
form∼10-nm-diameter filaments that range in length
from a few hundred nanometers to several
micrometers.18 Single-molecule studies reveal that
these filaments are highly extensible and elastic;19–21

thus, intermediate filaments arewell-suited to bearing
tensional loads under large strains. While single-
filament formation and mechanics are better under-
stood, how individual vimentin filaments assemble
into cohesive networks and the underlying origin of
d.
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the mechanical properties of such networks remain
poorly understood.
Vimentin networks can also be assembled in vitro,

allowing the study of their mechanics; these have
characteristics of elastic gels,21,22 which stiffen
dramatically with stress.23 This behavior is similar
to that of F-actin networks, which also exhibit the
characteristics of an elastic gel that markedly stiffens
with stress. However, this behavior requires cross-
linking of filaments by proteins, and for actin, more
than 80 actin-binding proteins have been
identified.24 By contrast, few crosslinking proteins
have been identified for vimentin networks. The
only clearly demonstrated method to increase the
stiffness of intermediate filament networks is to add
divalent cations, such as Mg2+, at millimolar concen-
trations;25,26 these concentrations are comparable
with those found in several different cell types.27–29

However, even the origins of this behavior remain
unclear. Network stiffness enhanced by divalent
cations is thought to involve the highly charged
carboxy-terminal tail domain;25,30 however, the
interaction between this domain and divalent ions
remains poorly understood at the molecular level. A
full understanding of the mechanical properties of
vimentin networks thus requires systematic investi-
gation of the roles of both divalent cations and the
charged tail group.
Here, we form in vitro networks of vimentin

proteins and investigate the effect of divalent cations
such as Mg2+ and Ca2+ on both structure and
viscoelastic properties. We assemble filaments in the
presence of millimolar concentrations of divalent
cations and observe no effect on network morphol-
ogy; however, rheological studies show that net-
work stiffness dramatically increases with divalent
cation concentration, suggesting that the cations act
as crosslinkers. We model the linear and nonlinear
behavior of vimentin networks as an entropic,
semiflexible polymer network, similar to that of
crosslinked F-actin networks:31,32 Under small ap-
plied stress, the network elasticity is linear and its
origin is entropic; increasing stress pulls out thermal
fluctuations, resulting in highly nonlinear elasticity.
Under even larger applied stress, the extensibil-
ity of the individual vimentin filaments them-
selves contributes an enthalpic component,
modifying the nonlinear behavior of the network
elasticity. To elucidate the crosslinking interac-
tions, we form vimentin networks using a series
of tail-truncated protein variants and show that
the last 11 amino acids of the tail domain are
crucial in mediating the interaction between
vimentin filaments and divalent cations.
Results and Discussion

We investigate the effect of divalent cations on
the structure and elastic properties of vimentin
networks by incorporating varying concentrations
of Mg2+ (from 2 to 16 mM) into the polymerization
buffer with 1 mg/ml of vimentin; this concentra-
tion of protein and Mg2+ is comparable with those
found in several different cell types.3,18,27–29 When
formed in the absence of any divalent cation,
filaments have a smooth surface with a diameter
of ∼10±2 nm, as shown in the transmission
electron micrograph of Fig. 1a. Upon adding
4 mM Mg2+, we do not observe any obvious
effect on filament morphology or network struc-
ture (Fig. 1b). By contrast, divalent cations have a
marked effect on network elastic properties. We
probe this by measuring the linear viscoelastic
moduli: The elastic modulus, G′, dominates the
viscous modulus, G″ (Fig. 1c), indicating that
vimentin networks are predominantly elastic.
Since G′ is nearly independent of frequency, we
characterize the network elasticity by the plateau
modulus, G0. To investigate the effects of both salt
concentration and vimentin concentration, cV, we
vary the molar ratios of cations Mg2+ and Ca2+ to
vimentin, RMg and RCa, respectively. With the
addition of Mg2+ at 4 mM for 1 mg/ml of
vimentin or RMg=215 (black solid squares), the
vimentin networks exhibit markedly higher values
of G0; similar behavior is also observed upon
introduction of Ca2+ at RCa=215 (solid triangles),
as shown in Fig. 1c. To explore the dependence of
vimentin network elasticity on RMg, RCa, and cV,
we summarize the data for G0 in a state diagram
(Fig. 1d); with variation in the concentration of
divalent cations as well as the cV, the linear
elasticity of vimentin networks can be tuned over
more than one decade.
To dissect the origins of this tunability, we plot the

dependence of G0 on RMg for a fixed cV and find
G0∼RMg

0.51; a similar scaling behavior is observed for
RCa (Fig. 2a). We also determine how G0 depends on
cV for a fixed RMg. In the absence of divalent cations,
G0∼cV

1.28 (Fig. 2b, open circles), which, within our
measurement error, is consistent with G0∼cV

7/5, as
expected for an entangled solution of semiflexible
polymers.33–35 By contrast, upon addition of Mg2+ to
RMg=134, the concentration dependence of G0
increase markedly26 to G0∼ cV

2.13; similar behavior
is observed for RMg=215, as shown in Fig. 2b. This
scaling is in good agreement with that observed for
actin networks crosslinked with the rigid cross-
linkers scruin31 and heavy meromyosin;36 it is also
in good agreement with theoretical predictions for
crosslinked semiflexible polymer networks.31,37

Taken together, these findings suggest that divalent
cations behave as rigid crosslinkers for vimentin
networks.
The mechanical response of networks composed

of crosslinked, semiflexible but inextensible poly-
mers can be quantitatively understood in terms of
single-filament mechanics, which depends on the
persistence length, lP, or individual filaments, as
well as on the spring-like mechanical response of
polymer segments on the length scale between
crosslinks, lc; this entropic response is governed by
the transverse thermal fluctuations of the polymer
segment and is characterized by a spring constant
of 90 kBTl2P

l4c
in the small strain limit.37 For a uniform



Fig. 2. Dependence of the linear elastic modulus, G0,
on crosslinking density, R, and cV. (a) In the presence of
Mg2+ (squares) and Ca2+ (triangles), G0 increases with R,
scaling as G0∼R0.51 at a fixed cV=2 mg/ml. (b) In the
absence of divalent cations, G0∼ cV

1.28, while in the
presence of divalent cations, the concentration depen-
dence becomes G0∼cV

2.13.
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or affine strain, this leads to a network shear
modulus of

G0 = 6q
kBTl2P
l3c

; ð1Þ

where kB is Boltzmann's constant, T is the
temperature, and ρ is the density of filaments
measured by the total length of polymer per unit
volume; ρ=2.1×1013 m−2 at cV=1 mg/ml, assum-
ing there is a constant number of 32 molecules per
filament cross-section.38 Thus, in this model, the
pronounced variation of G0 with RMg is attributed
to a change in crosslinking density. Indeed, lc is
directly controlled by RMg: for a fixed cV=2 mg/ml,
lc∼R−0.51/3∼R−0.17.
Additional support for the role of divalent cations

as crosslinkers is provided by probing the nonlinear
elastic response; this is a hallmark of virtually all
crosslinked biopolymer networks.23 To explore the
nonlinearity, we perform a differential stress mea-
surement: We apply constant prestress, σ, while
superposing a small-amplitude oscillatory stress,
δσ(t)=δσeiωt, on the network and measure the strain
response δγ(t); this allow us to determine the
differential elastic moduli. A creep test confirm
that the network response does not change on the
timescale of our measurements (SI Fig. 1). For small
values of σ, the differential elastic modulus, K′, and
loss modulus, K″, are identical with G′ and G″,
respectively. As σ is increased above some critical
value, σc, K′ increases until the network breaks at
the maximum prestress, σMax, and maximum
differential modulus, KMax′ (Fig. 3a, arrows). Both
σMax and KMax′ increase with cV and RMg. Remark-
ably, vimentin networks formed in the presence of
Mg2+ have 5-fold larger σMax and KMax′ (Fig. 3a,
solid symbols). By varying the concentrations of
both divalent cations and protein as well as the
applied stress, we can tune the nonlinear elastic
properties of vimentin networks over more than
Fig. 1. Effect of divalent cations
on the morphology and elasticity
of vimentin networks. Transmis-
sion electron micrographs of (a)
vimentin filaments assembled in
the presence of 160 mM Na+ only
and (b) filaments assembled in the
presence of 160 mM Na+ and
4 mM Mg2+ (RMg=215). The scale
bar represents 100 nm. (c) Linear
viscoelastic shear moduli of vimen-
tin networks in the absence of
divalent ions (cV=1 mg/ml, black
open circles; cV=2.5 mg/ml, gray
open circles) and in the presence of
Mg2+ (RMg=215; cV=1 mg/ml,
black squares; cV=2.5 mg/ml,
gray squares) and Ca2+ (RCa=215;
cV=1 mg/ml, black triangles). G′
dominates over G″ and exhibits
weak power-law scaling with fre-
quency, ω, having an exponent of
0.09. The networks in the presence
of divalent ions are two to four
times stiffer. (d) State diagram
summarizing the dependence of
the elastic response of vimentin
networks on RMg and cV.



Fig. 3. Nonlinear stress-stiffening behavior of vimentin
networks. (a) K′ as a function of the applied steady shear
stress, σ, for vimentin networks with RMg=0 (open
symbols), RMg=215 (solid squares), and RCa=215 (solid
triangles). All networks exhibit stiffening when subjected
to prestress. Arrows denote the maximum elastic modu-
lus, KMax′ . (b) State diagram summarizing dependence of
the nonlinear elastic response of vimentin networks on
RMg and cV.

Fig. 4. Elastic response of vimentin networks results
from stretching the entropic fluctuations of single semi-
flexible filaments at low to intermediate stresses; at high
stress, enthalpic stretching of the individual filaments
contributes to the nonlinear response. (a) Each data set is
rescaled by σc and G0, revealing data collapse that reflects
the universal form of the entropic model or inextensible
theory (gray line). The departure between the entropic
model and our experimental data depends on the lc: a
larger departure is observed at high stress with decreasing
lc. (Inset) Each set of the experimental data (colored
symbols) is in agreement with the modified theory
(colored lines), which captures the behavior of networks
in all stress regimes. (b) Scaling parameters as a function of
σc for different values of RMg. The solid line shows a
scaling of σc

1.55, consistent with the theoretical prediction.

640 Mechanics of In Vitro Networks of Vimentin
three decades, as summarized in Fig. 3b. We
observe a similar nonlinear response for networks
formed in the presence of Ca2+ (Fig. 3a), further
substantiating that divalent cations act as network
crosslinkers.
In the stress-stiffening regime, we observed that

K′∼σ3/2 over more than one decade, as shown in
Fig. 3a. This σ dependence is consistent with the
nonlinear elastic behavior predicted by the affine
thermal model; this is also observed for perma-
nently crosslinked actin networks.31 To further
probe the mechanism of nonlinear elasticity in
vimentin networks, we perform independent least-
squares fits of the full theoretical expression39 to
the data for each sample and obtain two fitting
parameters: the linear modulus, G0, and the
characteristic stress for the onset of stiffening,

rc = q
kBTlP
l2c

: ð2Þ

With the use of these fitting values to scale the data
for networks with varying cV and RMg, all the data
collapse, as shown in Fig. 4a; this indicates a
universal stress-stiffening response. The functional
form of the scaled data is in good accord with the
theoretical prediction37,39 for both the linear regime
and the nonlinear regime except at the very highest
stresses, as shown by the solid gray line in Fig. 4a.
From values of G0 and σc, we determined the value
of lc for each data set, as indicated in Fig. 4a.
Moreover, we find a consistent value for lP (≈0.4–
0.5 μm) for all the data sets, which is in accord with
previous experiments.40,41

At the very highest stresses, σ/σcN10, the
experimental data deviate significantly from the
theoretical prediction (Fig. 4a). This deviation could
result from irreversible network fracture or failure;
however, we find that in the high-stress regime
just below σMax, the elastic behavior is fully
reversible on the timescales of our measurements
(SI Fig. 2). Alternatively, the observed behavior
could result from slippage between crosslinks, as
can occur in a solution or transiently crosslinked
system, such as F-actin solutions without perma-
nent crosslinks;42 however, such data collapse
(Fig. 4a) is not possible when the stiffening
exponent varies with protein concentration, as
observed for F-actin solutions.42 Instead, we
include the consequences of the extensibility of
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individual filaments. This is motivated by observa-
tions that many types of intermediate filaments are
highly extensible compared with actin20,43,44 and
appear straightened in human keratinocyte cells
subjected to large uniaxial strains of 100%.43 The
extensional modulus depends on intrinsic proper-
ties of individual filaments and should thus be
independent of lc, whereas the linear entropic
modulus scales as 1/lc

3.37 Thus, network response
should be increasingly dominated by the enthalpic
stretching mode for smaller values of lc or for
increasing values of σ, where thermal fluctuations
are pulled out, thereby increasing the effective
spring constant of the entropic mode. Consistent
with this, the deviation of the data from the
universal curve at high stress increases as lc
decreases, as seen more clearly in the inset of Fig. 4a.
To make a more quantitative comparison, we

extend the inextensible, entropic model by intro-
ducing an enthalpic stretch modulus, E;23,45 this
parameter describes the resistance of the filament to
changes in its contour length and is related to its
intrinsic structure and material properties; for a
linear elastic rod, E represents the force required to
stretch the rod to twice its original length. A value
for E can be estimated by assuming the filament
behaves as a homogeneous elastic rod of diameter
2r≈8–12 nm, for which E≈4kBTlP/r

2≈463 pN.
Interestingly, this is comparable with the force
required to unfold coiled-coil domains of vimentin
dimers,46 200–300 pN. However, at the point where
we observe network failure, we estimate that the
filaments are stretched to less than twice their
length. Moreover, the resulting filament tension is
borne by the multiple dimers in cross-section.38

Thus, these networks break upon application of
much lower forces on a per-dimer basis and coiled-
coil unfolding is not likely the origin of the network
failure. The resulting predictions using this extend-
ed theoretical treatment require no further fitting
parameters and are in excellent agreement with each
set of experimental data for all the strain-stiffening
curves, as shown in the inset of Fig. 4a. We also
determine Young's modulus to be Y≈9 MPa, which
is consistent with previously reported values of the
keratin-like IF proteins from hagfish slime
threads.47,48 Thus, the full nonlinear behavior of
vimentin networks is well described by this theory
for crosslinked networks of stretchable, semiflexible
polymers.
Even more conclusive evidence that these net-

works are crosslinked is provided by the behaviors
ofG0 andσc. For a single filament with an lP at a fixed
temperature and polymer concentration, there is one
unknown variable, lc, from Eqs. (1) and (2). To scale
out the dependence on lc, we plot G0cV

1/2∼G0ρ
1/2

versus σc. This rescaling should result in the collapse
of the data for different protein and ion concentra-
tions onto a single curve, which exhibits a 3/2 power
law. Indeed, when we plot the σc dependence of the
quantity G0cV

1/2, we find a power-law dependence
with an exponent of 1.55±0.06, in excellent agree-
ment with this prediction (Fig. 4b).
The divalent cations are clearly playing the role of
rigid crosslinkers in these vimentin networks. This is
reminiscent of the cation-mediated interactions
between neurofilaments, which depend on their
anionic carboxy-terminal tail domains;25 similar
effects should also occur for vimentin. We therefore
explore the molecular mechanism of this cross-
linking by generating a series of stepwise tail-
truncated proteins where we delete from 11 to 61
amino acids (Fig. 5a). Although increasing lengths of
the tail domain are deleted, the tail-truncated
proteins still form gels, which exhibit a network
structure similar to the wild-type network (ΔC11, SI
Fig. 3b; ΔC36, SI Fig. 3c). Moreover, they show
predominantly elastic behavior, with elastic moduli
roughly similar to those of the wild-type network in
the absence of anydivalent cation (Fig. 5b, openbars).
By contrast, however, the networks of tail-truncated
proteins do not showa significant increase in stiffness
upon addition of Mg2+ (Fig. 5b, solid bars). Remark-
ably, even the longest truncated variant lacking only
11 residues, ΔC11, show only negligible stiffening in
the presence of Mg2+, suggesting that divalent
cations do not effectively crosslink filaments com-
posed of variant proteins with truncated tails. These
results suggest that the major putative interaction
domain for divalent cations is located within the last
11 residues of the tail domain. The importance of the
vimentin tail domain in the ionic crosslinking
mechanism is also evident from the nonlinear elastic
behavior: neither KMax′ nor σMax is affected by the
presence of Mg2+ for networks formed from any of
the tail-truncated variants (Fig. 5c and d). Analysis of
the amino acid composition in this domain reveals
four residues that are negatively charged at physio-
logical pH (2× glutamic acid, 2× aspartic acid),
making this region more acidic compared with the
rest of the tail domain. Moreover, 2 of the last 11
amino acids are histidines, which have a relatively
neutral pKa at physiological pH values; thus, small
changes in pH could lead to large changes in
crosslinking, thus affecting network mechanical
properties. While other charged domains along the
filament could also interact with divalent cations and
contribute to the strength of interaction among
individual dimers within a single filament as well
as crosslinking between filaments, the tip of the tail
domain clearly has an essential role in mediating
network mechanical properties.
Increasing the number of truncation deletions

ultimately results in proteins that form filaments
with altered morphology, and we observe extensive
lateral association of the ΔC61 protein variant (SI
Fig. 3d); mechanical measurements reveal these
proteins form much weaker networks that cannot
sustain the steady stress of the differential measure-
ment and exhibit stress weakening in the nonlinear
regime. This variant is truncated in the middle of the
evolutionarily conserved intermediate filament con-
sensus motif at the end of the coil 2 domain,
indicating that this motif is essential for the structure
and mechanical resilience of intermediate filament
networks.49
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Conclusions

The focus of this work is on the role of the
carboxy-tail domains in mediating crosslinking
interactions among vimentin filaments in networks.
Interestingly, interactions among other types of IF
proteins may also be mediated by electrostatic
interactions between specific protein domains: the
charged side arms of neurofilaments are essential for
regulating protein–protein interactions,26 and the
higher-order organization of keratin proteins into
crosslinked networks is mediated by specific regions
of the tail domain,50 which may ultimately be tuned
by salt concentration. Intriguingly, these observa-
tions suggest a universality of the mechanisms for
tuning the mechanical properties of distinct types of
IF networks in their diverse physiological roles.
The results reported in this article highlight the

important role of divalent cations in crosslinking
vimentin networks. These crosslinks are mediated
primarily by the final amino acids in the carboxy-
terminal tail domain. The concentrations of divalent
cations used in these experiments are comparable
Fig. 5. Linear elastic behavior of vimentin networks formed
(a) Diagram showing the amino acid sequence of six progres
ΔC55, and ΔC61, and the wild-type protein (WT). (b) Linear e
truncation in the absence of Mg2+ (open bars) and in the presen
d) Maximum differential elastic modulus, KMax′ , (c) and ma
vimentin networks break in the absence of Mg2+ (open bars) an
The value of the bar is the mean of three measurements; the e
with intracellular levels under physiological
conditions.27–29 It is therefore conceivable that
divalent cations are also involved in crosslinking
intermediate filament networks within cells, thereby
providing a mechanism to mediate their mechanical
properties. Experiments in living cells are required
to address this fascinating issue.
Materials and Methods

Materials

Tail-truncated human vimentin constructs are produced
using polymerase chain reaction mutagenesis.51 Vimentin
protein is expressed in Escherichia coli (strain TG1) and
purified from inclusion bodies as previously described.52
Purified vimentin protein is stored at −80 °C in 8 M urea,
5 mM Tris–HCl, pH 7.5, 1 mM dithiothreitol (DTT), 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.1 mM ethylene
glycol bis(β-aminoethyl ether)N,N′-tetraacetic acid
(EGTA), and 10 mM methyl ammonium chloride. On the
day before its use, the protein is dialyzed from8Murea in a
stepwise manner (4, 2, and 1 M urea) into the dialysis
from a series of stepwise tail-truncated vimentin proteins.
sively tail-truncated proteins, ΔC11, ΔC20, ΔC36, ΔC44,
lastic shear moduli of vimentin networks with varying tail
ce of Mg2+ (RMg=108, solid bars) for cV=1 mg/ml. (c and
ximum applied steady shear prestress, σMax, (d) before
d in the presence of Mg2+ (2 mM or RMg=108, solid bars).
rror bars represent the standard error.
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buffer (5 mM Tris–HCl, pH 8.4, 1 mM EDTA, 0.1 mM
EGTA, and 1 mM DTT). After several buffer changes,
dialysis is continued overnight at 4 °C against fresh
dialysis buffer.53 The final protein concentration is
determined by using a Bradford assay with bovine
serum albumin as a standard. To form networks, we add
polymerization buffer consisting of 20 mM Tris–HCl,
pH 7.0, and 160 mM NaCl, together with 2–16 mM Mg2+

(MgCl2) or Ca2+ (CaCl2). The sample is polymerized
between the rheometer plates for 1 h at 25 °C.

Bulk rheology

Network mechanical response is measured with a stress-
controlled rheometer (Gemini HRnano, Malvern Instru-
ments) using a 40 -mm-diameter stainless-steel parallel-
plate geometry with a gap size of 120 μm.We use a solvent
trap to prevent drying. Linear viscoelastic moduli are
obtained by applying oscillatory stress, σ(t)= σeiωt, and
measuring the resulting strain, γ(t)=γeiωt. Creep tests are
used to study network mechanical behavior on longer
timescales: Constant stress is applied for 100 s and then
removed; the resultant displacement is measured during
creep and subsequent recovery. We measured network
behavior in the nonlinear regimewith differential measure-
ments. We apply a steady prestress, σ, for 5 s and then
superpose a small-amplitude oscillatory stress, δσ(t)=δσe-
iωt; we measure the oscillatory strain response, δγ(t)=δγe-
iωt, at a frequency of ω=0.6 rad/s. Here, the oscillatory
stress is always less than 10% of the steady prestress, and
we confirm that the response is linear in δσ for all σ. The
complex differential or tangent viscoelastic modulus is
given by K⁎(ω,σ)=[δσ/δγ].

Electron microscopy

Assembled filaments are fixed with an equal volume of
0.2% glutaraldehyde in filament polymerization buffer,
applied to glow-discharged carbon-coated copper grids
for 15 s, washed with water for 10 s, and stained briefly
with uranyl acetate for 15 s. Specimens were examined in a
JEOL 2100 transmission electron microscope.
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