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The microtubule cytoskeleton is essential in maintaining the shape, strength and organization of cells

and its misregulation has been implicated in neurological disorders and cancers. To better understand

the structure-mechanics relationships in microtubule networks, we measure the time- and force-

dependent viscoelastic responses of entangled and sparsely crosslinked microtubule networks to precise

microscale manipulation. We use magnetic tweezers devices to apply calibrated step stresses and

measure the resultant strain as a function of time. At short times the material behaves as an elastic solid.

The linear regime is large, with gentle stiffening observed in entangled networks above �70% strains.

Crosslinked networks are stiffer, and show an extended linear regime. At longer times, we find

a creeping regime, suggesting that structural rearrangements of the network dominate the mechanical

response. To understand the molecular origins of this behaviour, we use a newly-developed portable

magnetic tweezers device to observe the network morphology using a confocal microscope while

simultaneously applying point-like stresses to embedded magnetic particles. We observe substantial

network compression in front of the bead with no evidence of long-length scale filament flow, and find

that the spatial extent of the deformation field depends sensitively on network architecture and

connectivity. Our results are important to understanding the role of the cytoskeleton in regulating

cargo transport in vivo, as well as the basic physics of non-affine deformations in rigid rod polymer

networks.
Introduction

The microtubule (MT) cytoskeleton is a complex biopolymer

network found ubiquitously in eukaryotes. MTs play important

roles in cell division, where they move chromosomes and localize

the cleavage furrow, and in intracellular transport where they

form the tracks upon which the transport of secretory/synaptic

vesicles, organelles, and other cargo occurs.1 There is increasing

evidence that the spatiotemporal organization of the MT cyto-

skeleton is essential for numerous other biological processes,

ranging from axonal branching and neural pathfinding,2,3 to the

flow of actin in motile and developing cells,4,5 to the regulation of

protein synthesis.6 For many of these processes, mechanical

stress within the MT cytoskeleton is an important signalling

mechanism: for example, tension promotes MT outgrowth at
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focal adhesion sites,7 regulates MT turnover and organization,8

and silences spindle assembly checkpoints to enable cell cycle

control.9

In contrast to many biological polymers, mechanical

measurements of isolated MTs have shown them to be extremely

stiff. MTs are long hollow cylinders with an average contour

length of order �10 mm, large outer diameter of �25 nm, and

persistence length of �1000 mm.10,11 Because of this, MT

networks lack the entropic contributions of elasticity that

dominate the mechanical response of most polymer gels, and are

ideal model systems for athermal, rigid rod polymer materials. A

limited number of prior studies have investigated the rheological

properties of entangled or crosslinked networks of MTs.12–15 The

most comprehensive study investigated networks of fairly short

MTs (characteristic length <3 mm) under uniform shear condi-

tions. These were found to be soft elastic solids that softened

above strains of �10% and showed evidence of transient

attractive filament–filament interactions that enhanced elasticity

and suppressed reptation-induced terminal relaxation.13

In the current work, we explore the microscale mechanical

response of networks of longer MTs (average length �23 mm)

subjected to highly localized forces applied using a magnetic

tweezers device. This generates a non-uniform deformation field,

with a characteristic bending radius dictated by the size of the

embedded magnetic particles (�5 mm).16 In this regime, filament
This journal is ª The Royal Society of Chemistry 2012
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bending dominates over stretching or compression, thus the

physical origins of elasticity, dissipation, and nonlinearity differ

from that of networks in which all deformations are affine. Thus,

mean-field models that require uniform stretching or bending of

filaments no longer apply, limiting the use of traditional

continuummechanics approaches for modeling.17 This motivates

the development and use of new characterization tools that

enable direct measurement of structure–property relationships.

Here, we show that upon sudden application of force, entan-

gled MT networks are predominantly solids, with modest time-

dependent network reorganization occurring at longer times. To

understand the molecular origins of this behaviour, we observe

the three-dimensional MT network morphology using a confocal

microscope, while simultaneously applying localized stresses to

embedded magnetic particles. We find that the network is

substantially compressed in front of the bead, and observe no

obvious long-length scale flow of material, suggesting that subtle

reorganization of entanglements dominates the creep response.

These results have important implications for understanding the

mechanical properties of the cytoskeleton, in which rigid

networks of MTs and actin bundles are locally deformed by

transport of intracellular cargos, as well as large-scale structural

changes in cell division, motility and morphogenesis. Impor-

tantly, we find that the spatial extent of the deformation field can

be modulated by inclusion of a small number of rigid cross-

linkers. This suggests that even sparse connections between

filaments can play an essential role in regulating cell mechanics.
Results

Microstructural properties of entangled and crosslinked

microtubule networks

One challenge in determining structure-mechanics relationships

in soft biopolymer materials is the difficulty in generating

homogeneous materials that can be imaged and mechanically

manipulated without damage. To address this, we have devel-

oped a robust polymerization method that allows small volumes

of MT networks to be generated in a chamber amenable to both

fluorescence confocal imaging and manipulation by magnetic

tweezers. We load ice-cold solutions of globular tubulin dimers

into small capillary tubes in the presence of GTP (required for

the enzymatic addition of tubulin) and Taxol (a small molecule

that promotes MT assembly), then seal and incubate the tubes at

�35 �C for �1 h to induce polymerization. For mechanical

measurements, magnetic and latex beads are added to the solu-

tions prior to loading and samples are rotated to prevent bead

settling during the polymerization reaction. This protocol reli-

ably produces MTs with mean filament length of �23 mm.

Although the MT length distribution is fairly broad, it is nearly

independent of tubulin density, with good agreement observed

even for the tails of the distribution that represent the longest

filaments (Fig S1, ESI†). This reproducibility is critical, since

even a small number of long filaments can have a dispropor-

tionately strong effect, particularly in the non-affine deformation

regime.18 By developing a protocol that results in a robust and

concentration-independent length distribution, we can easily

isolate effects due to MT density from effects due to changes in

polymer length. Moreover, the long average length ensures that
This journal is ª The Royal Society of Chemistry 2012
filaments are able to form multiple connections with neigh-

bouring filaments, and thus generate fully entangled gels.

Representative images of entangled MT networks, with

concentrations ranging from 5 mM to 20 mM are shown in Fig. 1.

For each condition, images are thresholded to generate a binary

map of ‘bright’ pixels on a dark background. The spatial distri-

bution of distances between nearest neighbour bright pixels is

determined. The decay length of this exponential distribution

gives the characteristic network mesh size, x.19,20 We find x to

decrease monotonically with increasing tubulin concentration,

with x � c�3/4 (Fig. 1). This scaling relationship is surprising, as it

is generally expected that mesh size will scale with the inverse

square root of concentration, due to geometric arguments for

filament crossing.21 Although we do not understand the physical

origins of this difference, our results are very reproducible, and

we have not found any other experimental demonstration of

mesh size scaling for MT networks that contradict this result.

Upon crosslinking (using streptavidin and biotinylated tubulin),

networks appear more heterogeneous, with the formation of

tubulin-dense and tubulin-poor regions throughout the sample,

and the characteristic mesh size increases slightly.
Local mechanical perturbations are used to probe microscale

viscoelastic properties of MT networks

To determine the microscale viscoelastic properties of entangled

MT gels, we polymerize the networks in the presence of small

magnetic particles, then apply controlled loads varying from

0–35 pN using a magnetic tweezers device (representative data

trace is shown in Fig. S2, ESI†).22 The magnetic field is supplied

by a pair of permanent magnets whose position is varied to

control the magnetic force at the sample plane. We choose to

examine three tubulin concentrations: 18 mM, 26 mM, and

51 mM.We use magnetic particles with diameter of 4.5 mm, which

is larger than the mesh size in each case to ensure that the

particles are fully engaged with the meshwork and their

displacement can be interpreted in terms of local network

mechanical response. It is difficult to measure the mechanical

properties of gels formed with lower tubulin concentrations

because 4.5 mm beads tend to slip through the mesh, and the

fragile networks do not easily support the weight of larger beads.

Gels are observed via fluorescence confocal microscopy prior to

each mechanical measurement to ensure that network quality is

maintained from day to day. We measure particle displacement

as a function of applied force, as previously described.22,23

A typical creep response is shown schematically in Fig. 2.

When the force F is stepped up by the rapid motion of the

magnets toward the sample, the bead position instantaneously

jumps a distance d1, indicating a short-time elastic response. The

bead displacement then slowly increases, indicating a long-time

creep regime with average velocity v. The crossover time from the

elastic regime to the creep regime is given by the time constant s.
After a time T, which is typically 50–75 s, the force is abruptly

stepped down to zero by rapid retraction of the magnets, and the

bead position rapidly jumps back a distance d2 to a final position

given by Dxf. After waiting a time that is typically comparable to

T, another force pulse is applied. In order to maintain network

quality, we complete all mechanical measurements within a few

hours of forming the gels, and thus use the minimum waiting
Soft Matter, 2012, 8, 1776–1784 | 1777
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Fig. 1 Representative images of entangled and crosslinked MT networks obtained using fluorescence confocal microscopy. Under our polymerization

conditions, the entangled MT networks are isotropic and homogeneous. Mesh size is found to decrease monotonically with increasing tubulin

concentration (solid symbols). Upon addition of crosslinkers, networks appear to be more structurally heterogeneous, and the average mesh size

increases slightly (open symbol). Inset: Data plotted on a log-log plot, and fit to a power law x� c�a (fit shown in solid line) where a is found to be 0.76�
0.02.
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time that gives us reproducible results in order to maximize the

throughput of our data collection. We have doubled both T and

the waiting time between pulses and found no obvious effect on

measured mechanical parameters.

To understand the molecular origins of network viscoelasticity

and gain insight into the structure-mechanics relationships of

these gels, we use a newly-developed portable magnetic tweezers

device,24 which allows imaging of fluorescently-labelled MT

networks using confocal microscopy while simultaneously

applying controlled loads. As shown in the upper panel of Fig. 2

and discussed in detail below, we find substantial compression of

the MT network in front of the bead, and a rarefied network

behind. We do not observe flow of polymeric material nor do we

find any evidence of shear alignment of filaments near the

particle, even under fairly high forces (>20 pN). We tested for

effects of loading history by repeatedly applying the same force

or by ramping the force up and then back down as a function of

time, and in both cases we find a negligible effect on measured

mechanical properties.

Additionally, we do not find evidence of nonspecific binding of

microtubules to the magnetic beads: the network density at the

bead surface is not enhanced before the force is applied, as we

would expect if the bead was acting as a local nucleator or
1778 | Soft Matter, 2012, 8, 1776–1784
crosslinking site, and no filaments appear to remain attached at

the rear of the bead when force is applied. We do occasionally

observe abrupt motions of beads as they escape from the local

cage of MTs that form the meshwork at the sphere surface,

particularly at low polymer density or high force. When identi-

fied, these abrupt slip events are excluded from analysis in order

to isolate predominantly mechanical interactions from those

dominated by local microstructure.
Entangled MT networks are mechanically elastic on short time

scales

Network stiffness can be estimated by dividing the applied force

F by instantaneous bead displacement d1, as shown in Fig. 3. We

choose to present the localized elastic response in terms of gel

stiffness, to distinguish the microscale mechanical response,

which likely depends on the geometry of the network–probe

interface, from the scale-invariant continuum elastic modulus. At

small forces, the stiffness is nearly constant indicating an

approximately linear elastic response (Fig. 3A). For forces

greater than �15 pN, gentle stress stiffening is observed for each

tubulin concentration. This gentle transition is clearer when

stiffness is plotted as a function of strain, which we approximate
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Schematic of typical creep response curve. The upper panel shows

two representative images of a 4.5 mm diameter magnetic bead embedded

in an entangled MT network at zero force (left) and Fz 10 pN obtained

with our newly-developed portable magnetic tweezers device. The lower

panel shows a typical creep response curve. Bead displacement x (blue

line) and the force pulse F (red line) are plotted as a function of time t. At

short times, the bead responds elastically, followed by a relaxation into

a creeping regime. To identify the onset of relaxation, we calculate the

derivative of x(t)-vt (black line), which exhibits a maximum at the tran-

sition from elastic to creep regime. The typical range of applied forces is

1–30 pN, which induces micron-scale bead displacements.

Fig. 3 Entangled MT stiffness, given by F/d1 as a function of (A) force

and (B) strain, d1/x. At low forces or strains network stiffness is roughly

constant, while mild stiffening is observed for F above �15 pN or strains

greater than �70% (dotted line).

Fig. 4 MT stiffness depends linearly on tubulin concentration. This

indicates that the elastic response is dominated by mechanical, rather

than entropic, stretching of polymer filaments. Inset: Data plotted on

a log–log plot, and fit to a power law F/d1�[tubulin]a (fit shown in solid

line). a is found to be 1.0 � 0.3.
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by dividing the jump distance d1 by the network mesh size x that

we determined via confocal microscopy. In this case, we see

stiffening above strains of �70% (as indicated by the dotted line

in Fig. 3B). We find that the maximal force we can reliably apply

to the network increases monotonically with tubulin concentra-

tion. At larger forces, beads tend to escape from the local cage of

MTs that form the meshwork at the sphere surface, preventing

measurement of gel properties.

At low forces (and strains) the network shows a force- (and

strain-) independent plateau. In this regime, stiffness increases

linearly with tubulin concentration, as shown in Fig. 4. This

behaviour is consistent with networks of rigid rods, in which each

new filament contributes equally to network elasticity, and

contrasts that of entropic networks such as those formed from

semiflexible entangled actin filaments, where stiffness tends to

arise due to the stress-induced straightening of thermally-undu-

lating filaments.25 This suggests that entangled MT networks are

primarily mechanical (enthalpic) networks. Similar trends are

observed for the elastic transition in which force is abruptly

stepped down to zero, as shown in Fig. S3 (ESI†).

Interestingly, we find that for large forces F > 15 pN, the bead

jump distances upon application and removal of the force (d1 and
This journal is ª The Royal Society of Chemistry 2012
d2, respectively) are not equal; rather d2 > d1, with the strongest

decrease observed for the most dense MT network (Fig. 5). This

suggests that at large forces, the network is permanently

deformed upon application of force, and that the network the
Soft Matter, 2012, 8, 1776–1784 | 1779
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Fig. 5 Particle position before and after force step. (A) The ratio of d1/d2
is plotted as a function of force for each entangled MT network. At the

lowest forces, this ratio is approximately equal to 1, consistent with

a linear elastic regime. For force above the critical force for stress stiff-

ening (�15 pN), we find d2 > d1 with the strongest decrease observed for

the densest MT network.

Fig. 6 Analysis of creep regime. (A) Creep velocity is plotted as

a function of force for three different tubulin concentrations. (B) In each

case, velocity increases linearly with force, as demonstrated by plotting

the force-velocity data on a log–log plot. Dotted black line shows slope¼
1. (C) Through a linear fit of the force–velocity data (panel A, solid line),

an effective drag coefficient can be calculated at each tubulin

concentration.
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bead returns to when force is stepped down to zero is mechan-

ically and structurally different than the original network that

enclosed the bead. It is likely that d2 > d1 because the application

of force leads to an asymmetry in polymer concentration at the

bead surface. When the force is turned on, the bead engages with

and compresses the network in front, whereas when the force is

turned off, the bead returns to the original position through

a large void.
On long time scales, entangled MT networks are restructured

After the initial elastic regime, there is a crossover, on a time scale

s of �10 s for all conditions studied, to a regime in which bead

position increases linearly with time. This creep regime indicates

a modest time-dependent rearrangement of the sample that

might arise due to filament reorganization, bond breakage, or

mechanical slippage of the bead through the network. Creep

velocity v increases linearly as a function of force for each tubulin

concentration (Fig. 6). Using Stokes’ Law F ¼ gn, we can

determine an effective drag coefficient g as a function of tubulin

concentration. We find g to nearly double when the tubulin

concentration is increased from 18 mM to 26 mM, but no

significant change in g when the concentration is further

increased to 51 mM.

To further investigate the origins of this creep regime, we

compare the total distance the bead moves during the creeping

phase Dxc ¼ vT to the unrecovered displacement Dxf (see Fig

S4†). As expected from our analysis of the creep velocity, Dxc
increases monotonically with applied force. For small forces, Dxf
zDxc, and both are on the order of�100 nm, much smaller than

the bead diameter or x, but larger than our estimated tracking

error. We suspect this distance is determined by the time-aver-

aged thermal fluctuations of the bead. At larger forces, Dxf [

Dxc due to force-induced slippage of the bead through the porous

network. This allows some beads to become trapped in new

‘‘pores’’ when the force is turned off, with higher forces required

to induce bead entrapment in denser networks.
1780 | Soft Matter, 2012, 8, 1776–1784
Sparse crosslinking enhances elasticity, suppresses strain

stiffening, and increases deformation field penetration depth

To examine the effect of crosslinking on MT networks, we

generated sparsely crosslinked gels using biotinylated tubulin

and streptavidin. For this work, the total tubulin concentration is

fixed at 25 mM, 1 in 7 tubulin dimers is biotinylated, and the ratio

of biotin moieties to streptavidin is fixed at 10 to 1. This leads to

an average distance between crosslinkers of �200 nm. We find

the gels are roughly twice as stiff as entangled networks at the

same tubulin concentration (Fig. 7A), and find no evidence of

stress-stiffening for forces up to �33 pN.

At this modest crosslinker density, we still observe a creep

regime, and find the transition time s and average flow velocity v

to be very similar to the values obtained for the 25 mM entangled

gels (Fig. 7B). Consistent with our measurements of entangled

networks, we find d1 < d2, although the ratio of d1/d2 is roughly

constant as a function of force with a mean value of 0.7 � 0.1.

At these modest crosslinking densities, the strongest mechan-

ical difference between crosslinked and entangled networks is

observed when measuring the extent of penetration of the

deformation field into the MT network. The spatial extent of

deformation is measured in two ways: using small non-magnetic

latex beads as fiducial markers that can be visualized using

transmitted light microscopy or by directly imaging the MT

network using a fluorescence confocal microscope. In both cases,

we employ a portable magnetic tweezers device to enable the

precision application of force while collecting high-resolution

images. As shown in Fig. 8 and Fig. S5 (ESI†), the depth of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Mechanical response of sparsely crosslinked 25 mM MT

networks. (A) MT stiffness is plotted as a function of force. At low force,

the stiffness values are roughly twice those measured for a purely

entangled network at the same tubulin concentration. In contrast to

entangled networks, the linear regime is large, with no evidence of stress-

induced stiffening (or softening) for forces as high as �33 pN. (B) Creep

velocity increases as a function of force, and is very similar in magnitude

to that measured using purely entangled networks. The effective drag

coefficient is (3.7 � 0.4) � 10�3 N s m�1.
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penetration is substantially increased upon crosslinking. The

typical penetration distance for an entangled network is a few

microns, similar to the size of the magnetic particle that is

applying the force. By contrast, in crosslinked networks, the

deformation field penetrates for tens of microns. This demon-

strates that even subtle changes in network architecture and
Fig. 8 Network crosslinking substantially increases the ability of

deformation fields to penetrate deeply into MT networks. Images show

the position of magnetic and latex beads after application of applied

force. The original magnetic bead position (with force turned off) is

represented by a bold red circle, and original latex bead positions are

represented by thin yellow circles for both entangled (left, F¼ 25 pN) and

crosslinked (right, F ¼ 30 pN) MT gels. The direction of the force is

indicated by the white arrow. The entangled gel shows very little defor-

mation away from the magnetic sphere surface, whereas the crosslinked

gel demonstrates long-length scale deformation. In the crosslinked case,

latex beads separated by >3 magnetic bead particle diameters move

substantially, indicating that long wavelength stress transmission is much

more efficient in crosslinked networks.

This journal is ª The Royal Society of Chemistry 2012
connectivity can have important consequences on stress trans-

mission in MT gels. Moreover, the deformation field is more

uniform in the case of the crosslinked gels, indicating that even

modest crosslinking can lead to a non-affine to affine network

transition.
Discussion

Unlike most biological polymers, we find that MTs form

mechanical (enthalpic) networks, whose elasticity arises from

bending and stretching of nearly rigid rods. This contrasts the

entropic elasticity that dominates the mechanics of individual

actin and DNA filaments, and which arises due to the straight-

ening of thermally fluctuating polymers. At low forces, MT

networks exhibit a linear elastic response, where network stiff-

ness increases linearly with polymer concentration. At strains

>70%, we observe the onset of stiffening for all entangled gels.

Although strain stiffening has been observed for many

biopolymer networks, it is usually attributed to an entropic-to-

enthalpic transition that occurs when the excess length of the

flexible or semi-flexible filaments has been fully extended.26 In the

case of MT networks, this stiffening transition must have

a different physical origin. Under our loading conditions, we find

that a dense accumulation of filaments builds in front of the

particle, and a void volume appears behind. We hypothesize that

for large localized forces, this accumulation increases the effec-

tive polymer concentration near the bead, leading to a nonlinear

increase in stiffness. The threshold force associated with the

onset of stiffening is �15 pN, a modest force that could easily be

applied by a small number (�3–4) of kinesin motors in vivo

during cargo transport or mitosis, suggesting this effect may have

physiological relevance.

An accumulation of filaments under load was previously

reported in magnetic-bead based microrheometry measurements

of entangled actin networks.27However, in that case there was no

evidence of strain stiffening, instead strain softening and force-

induced fluidization of the network were observed, suggesting

that unlike MT gels, entangled actin networks cannot support

large stresses without some form of crosslinking. A number of

actin-binding proteins (ABPs) promote the formation of

bundles, which can in turn form networks of bundles in vitro and

in cells. Although these bundles share some similarities with

MTs, ABP–actin networks are extremely complex, and it is

difficult to compare their rheology to that of entangled MT gels.

For example: ABPs are typically dynamic and compliant and

thus can contribute substantially to the network response;

composite network rheology depends both on actin concentra-

tion and the ratio of actin:ABP; ABPs typically crosslink fila-

ments in addition to bundling them giving rise to complex

network architecture and topology; bundle formation can occur

through aggregation-controlled growth, which can lead to the

formation of frustrated out-of-equilibrium structures; and

bundle diameter and length is typically polydisperse (and often

unknown) leading to numerous length and time scales for stress

relaxation.28–32

Previous measurements of the rheology of a suspension of very

short MTs, with a characteristic length approximately equal to

the mesh size, also reported strain softening for strains above

�10%.13 This suggests that the stiffening behaviour we observe
Soft Matter, 2012, 8, 1776–1784 | 1781
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may require either long MTs that can form truly entangled gels

or the application of localized stresses that can lead to the

microscale reorganization and densification of the network.

Polymer length may be particularly important for rigid rod

networks, since the distance between entanglements is much less

than the persistence length, allowing a single filament to retain its

identity in the network along its entire contour. For each

entangled network, we find a transition after �10 s to a creep

regime, in which bead position increases slowly, but linearly with

time. This transition time is much too long to describe the

drainage time for fluid moving through the porous network, and

much too short to describe the time for a thermally-driven fila-

ment to reptate along its contour.33 When we image the network

directly under load, we do not find any evidence of shear align-

ment of filaments or bulk flow of polymers on this (or any other)

timescale. We therefore suspect that this time-dependent rear-

rangement arises from the breakage of weak attractive bonds

between neighbouring filaments. Our tubulin proteins are puri-

fied by multiple cycles of assembly and disassembly, followed by

several rounds of phosphocellulose chromatography to remove

any non-functional tubulin dimers and microtubule associating

proteins (MAPs). Moreover, we find no evidence of MAP

contamination using high-resolution gel electrophoresis or

Western blotting, and therefore rule out any MAP-based cross-

linking. Instead, we suspect that these attractive interactions may

arise from salt bridging or divalent crosslinking mediated by the

Mg2+ ions that are required for coordination of the GTPase

activity of tubulin. Attractive interactions have been reported for

other rigid rod suspensions, not only of MTs but also of

surfactant-stabilized single walled carbon nanotubes, as well as

networks of actin or neurofilaments, two semiflexible poly-

mers.13,34–39 Identifying the molecular origins of these interac-

tions is a clear future direction for this work.

When a modest number of crosslinks are introduced, we find

an increase in gel stiffness and suppression of strain-stiffening,

but still observe long-time rearrangement of the sample that is

indistinguishable from that of an entangled network at the same

polymer density. That suggests that the distance between rigid

crosslinks is larger than the distance between physical entangle-

ments. We estimate the average distance between streptavidin

proteins to be�200 nm, and thus conclude that only a fraction of

these proteins are actually engaged in crosslinking at any time.

Yet, even in this limit of sparse connectivity, we find that

crosslinking has a substantial effect on the ability of the defor-

mation field to penetrate the sample. This suggests that long

range stress transmission can be controlled by subtle changes in

network architecture and connectivity. Moreover, the transition

from non-affine to affine network deformation can be controlled

by varying crosslinker concentration even under the application

of very localized force fields.
Experimental

Proteins

Unlabeled and rhodamine-labeled tubulin proteins are gener-

ously provided by Professor Leslie Wilson at University of Cal-

ifornia, Santa Barbara. Unlabeled tubulin is purified from bovine

brain by cycles of assembly and disassembly and followed by
1782 | Soft Matter, 2012, 8, 1776–1784
phosphocellulose chromatography.40 Rhodamine-labeled

tubulin is prepared by reaction with succinimidyl esters of

carboxyrhodamine-6G (C-6157; Invitrogen). Commercial bio-

tinylated porcine brain tubulin (T333P; Cytoskeleton, Inc.) with

�1 : 1 labeling ratio of biotin to tubulin heterodimer is recon-

stituted to 10 mg/mL in G-PEM80 buffer (80 mM PIPES, 4 mM

MgCl2, 1 mM EGTA and 1 mM GTP; pH ¼ 6.9).
Preparation of MT networks embedded with magnetic beads

Entangled MT networks are formed by combining the following

reagents on ice: unlabeled tubulin, rhodamine-labeled tubulin,

1 mM GTP, 1 mM DTT, 10% (v/v) DMSO, taxol and PEM80

(80 mM PIPES, 4 mM MgCl2, 1 mM EGTA; pH ¼ 6.9).

Although the total tubulin concentration is varied in this study,

in all cases, the molar ratios of rhodamine-labeled tubulin to

total tubulin was 1 : 6, and taxol to total tubulin was 1 : 2. When

making crosslinked MT networks, biotin-labeled tubulin is also

included into the ice-cold tubulin mixture with the molar ratio of

biotin-labeled to total tubulin of 1 : 7. In each case, tosyl-acti-

vated magnetic beads with diameter of 4.5 mm (Dynabeads,

Invitrogen) are added to the ice-cold mixture at final concen-

tration of �106 beads/mL. To facilitate visualization of the

deformation field induced by the motion of the magnetic bead,

2.5 mm latex beads (PS05N; Bangs Laboratories Inc) are some-

times embedded as probing beads at a final concentration of �5

� 107 beads/mL.

The ice-cold tubulin solution is then loaded into small rect-

angular tubes (0.1 � 1 � 50 mm3; Friedrich & Dimmock, Inc) by

capillary action. Prior to loading, the capillary tubes are cleaned

by rinsing with 1M sodium hydroxide, then pre-coated with

reference beads to enable the subtraction of artefactual

mechanical or thermal drift, or vibration of the sample and/or

the stage from the real motion of the embedded magnetic

particles. To achieve this, 5.43 mm latex beads (PS06N; Bangs

Laboratories, Inc) are diluted in isopropanol to 5 � 105 beads/

mL and loaded into the capillary tubes. The tubes are placed on

a flat benchtop for 10 min to promote sedimentation. The tube is

gently dried and the tube is baked at 150 �C for 2 min to partially

melt the beads onto one side of the capillary tubes. After intro-

duction to the capillary tube, entangled networks are immedi-

ately sealed with high vacuum grease, placed in a dry incubator at

�35 �C, and incubated for �1 h under constant rotation to

prevent the magnetic beads (and latex beads, if included) from

settling. For crosslinked networks, the tubulin solution is first

incubated at 35 �C for 3 min in a small microcentrifuge tube, then

streptavidin is added such that the molar ratio of streptavidin:

biotin-labeled tubulin is fixed at 1 : 10. The solution is well mixed

by gently pipetting using a cut-off P20 pipette tip, then imme-

diately loaded into the capillary tube, which is sealed with

vacuum grease and incubated at 35 �C for �1 h under constant

rotation, as described above.
Confocal imaging for structure determination

Confocal microscopy images are obtained using an inverted

Fluoview 500 laser scanning system (Olympus). Two-dimen-

sional slices of rhodamine-labeled MT networks are imaged

using 561 nm laser excitation and a 60� N.A. 1.4 oil-immersion
This journal is ª The Royal Society of Chemistry 2012
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objective, with scan size of 1024 � 1024 pixels2, scan rate of 9.59

s/scan, and magnification of 207.16 nm/pixel.
Image analysis

To quantify the mesh size of the MT networks, image analysis is

performed on two-dimensional confocal images.19,20 The images

are first processed by thresholding. The threshold is chosen to

remove as much noise as possible while retaining the pixels that

correspond to the MTs. This is done by comparing intensities of

the brightest background pixels to those of the dimmest MT

pixels, with the background and MT pixels being differentiated

by visual examination. After thresholding, the distance between

nearest neighbour MT pixels within each row and column is

determined. Our analysis is similar to the radial distribution of

distances between filament intersections, but is implemented in

Cartesian coordinates to take advantage of the natural axes of

the microscope images. The distribution of distances is plotted

and fitted to an exponential P(x) ¼ P0e
�r/x, where r is the distance

in microns and x is the characteristic mesh size (see Fig S6, ESI†).

Each measurement is averaged over 28–57 images. Based on

our pinhole and oil-immersion objective lens, we estimate our

z-resolution to be �1 mm. Using 2D images provides a good

approximation of the average 3D mesh size, but underestimates

the maximum pore diameter.13
Conventional magnetic tweezers

Mechanical measurements are performed using a custom-built

magnetic tweezers system that enables precise manipulation of

magnetic beads along the optical axis (the z-axis) and simulta-

neous three-dimensional tracking of bead position.23 Briefly,

a simple inverted microscope is constructed using an oil-

immersion objective (100 �, 1.25 N.A.) that is mounted onto

a piezoelectric stage (P-725; Physik Instrumente) to enable

nanopositioning of the focal plane. A 650 nm light emitting diode

(Roithner Lasertechnik) provides illumination, and a CCD

camera (CV-A10 CL; JAI) captures brightfield images at a frame

rate of 60 Hz.

The applied magnetic field is generated by a pair of permanent

rare-earth Neodymium Iron Boron (NdFeB) magnets (NS-

505050; DuraMag) located above the sample stage, and oriented

such that the alignment of their magnetic moments is antipar-

allel. Variation of the magnetic field (and thus magnetic force) at

the sample plane is achieved by vertically translating the magnets

with a DC-servo motor (M-126.PD1; Physik Instrumente).

Separation distances between the sample plane and magnet may

range from 0–24 mm from the sample plane. Forces are cali-

brated by measuring the Brownian motion of a magnetic bead

that is tethered to the coverslip by a single DNA molecule, and

thus acts as a simple inverted pendulum.41 The lateral spring

constant is given by the ratio of the vertical force to the DNA

length. This spring constant can be found by modeling the

measured bead trajectory with an overdamped Langevin equa-

tion of motion for a particle in a harmonic potential, and fitting

the measured power spectrum in position to that predicted from

the Langevin model after accounting for issues of finite data

sampling rate and instrumental low-pass filtering.42 The best-fit

spring constant, along with the measured length, gives an
This journal is ª The Royal Society of Chemistry 2012
estimate of the force; this calibration is then repeated at each

desired magnet position. In this study, the minimum separation

used was �7 mm (corresponding to a force of �33 pN on

a typical 4.5-mmmagnetic bead). Real-time tracking of the three-

dimensional bead position is achieved using custom image

analysis routines written in LABVIEW (National Instruments).43

In the presence of theMT gels, we achieve a resolution of�10 nm

in the x and y directions and �15–20 nm in the z direction.
Analysis of magnetic tweezers data

Analysis of data traces (as shown schematically in Fig. 2) is

performed as follows. We dissect the bead motion into three

distinct regimes—a short-time elastic jump, a relaxation transi-

tion, and a long-time creep regime. Creep velocity v is determined

from the slope of a linear fit to bead displacement x versus time

t for several (typically <10) seconds prior to the retraction of the

magnet pair. We then determine the first order derivative of

x(t) � vt. We define the elastic regime to start when the force is

turned on and to end when the first order derivative reaches its

maximum. This maximum also defines the beginning of the

relaxation regime, which ends when the derivative drops to zero.

For practical purposes, we define the end point by the time at

which the moving average of the derivative drops below

a threshold equal to 0.05% of the maximum value. The moving

average is implemented using a Savitzky–Golay smoothing filter

(polynomial order 2, 20 point window). The flow regime follows

and ends when the force is reduced at time t ¼ T. After identi-

fying these regimes, the following parameters are calculated: d1 is

the distance the bead travels in the elastic regime and s is the total
time of the relaxation regime. When the magnets are retracted,

we identify an elastic recovery regime that starts when the force is

turned off and ends when the first order derivative reaches its

minimum; d2 is the distance the bead travels in this second elastic

regime. All uncertainties are reported as SEM values.
Portable magnetic tweezers to determine structure–mechanics

relationships

A newly-designed, custom-built portable magnetic tweezers

device is used to apply calibrated stresses to microtubule

networks, while their microscale deformation is simultaneously

measured using confocal microscopy.24 Briefly, two NdFeB rare

earth magnets (N45, 0.25� 0.25� 1 inch3; Applied Magnets) are

mounted onto a two-axis translation stage and positioned near

the focus of the objective lens in a manner that protects the

imaging quality of the microscope. The distance between the

magnets and sample is controllably varied, leading to application

of controlled forces to small magnetic particles at the sample

plane. For a typical measurement, the magnets are moved

toward the sample until they just touch the coverslip edge, to

ensure application of the maximum force (which we call the

‘force-on’ condition). To reduce this force level, the magnets are

moved away from the coverslip surface until the separation

distance exceeds �10 mm (which we call the ‘force-off’ condi-

tion). The rate of magnet retreat (and therefore of the rate of

force reduction) can be varied through manual control of the

translation stage. Forces are calibrated by measuring the velocity

at which a free bead moved through a liquid of known viscosity
Soft Matter, 2012, 8, 1776–1784 | 1783
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using Stokes Law. At each force condition, the deformation of

the microtubule networks and detailed interaction between the

magnetic bead and the surrounding microtubule mesh are

recorded using confocal microscopy. In this ‘sideways-pulling’

geometry, beads move perpendicular to the optical axis (the ‘x’

axis) when the force is on. Images are obtained using both the

fluorescence (561 nm laser excitation) and the transmitted light

channels using either a 60�, 1.4 N.A. oil-immersion objective

lens or a 60�, 1.2 N.A. water-immersion objective lens with

coverslip thickness correction collar. A time series of two-

dimensional image stacks is collected using a scan size of 512 �
512 pixels2 at a rate of 1.12 s/scan (4� digital zoom, magnifica-

tion 103.6 nm/pixel).

Conclusions

We use a new experimental approach to measure structure-

mechanics relationships in reconstituted MT cytoskeletons. We

apply localized forces directly to MT gels in a physiologically-

relevant manner using magnetic tweezers devices while observing

network deformation using confocal microscopy. At short times,

entangled gels are elastic, with gentle stiffening observed above

�70% strains, which we attribute to a densification of the

network in front of the bead. For entangled gels, network

deformation is nonaffine, resulting primarily in bending of MTs

near the particle surface. Crosslinking leads to a much more

uniform deformation field that penetrates over distances of

several particle diameters. This indicates that the spatial extent of

the deformation field depends sensitively on network architecture

and connectivity, and that even sparse crosslinking of networks

can have a significant effect on long-range stress transmission.
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