
PHYSICAL REVIEW E 103, 062501 (2021)

Measuring structural parameters of crosslinked and entangled semiflexible polymer networks with
single-filament tracing
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Single-filament tracing has been a valuable tool to directly determine geometrical and mechanical properties
of entangled polymer networks. However, systematically verifying how the stiffness of the tracer filament or its
molecular interactions with the surrounding network impacts the measurement of these parameters has not been
possible with the established experimental systems. Here we use mechanically programmable DNA nanotubes
embedded in crosslinked and entangled F-actin networks, as well as in synthetic DNA networks, in order to
measure fundamental, structural network properties like tube width and mesh size with respect to the stiffness
of the tracers. While we confirm some predictions derived from models based purely on steric interactions, our
results indicate that these models should be expanded to account for additional interfilament interactions, thereby
describing the behavior of real polymer networks.
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I. INTRODUCTION

Experimental and theoretical polymer physics study how
features of the constituting elements determine the properties
of whole polymer networks. Previous studies have examined
interactions of semiflexible filaments [1] or investigated how
geometrical parameters [2,3] and bulk mechanical properties
[4] can be deduced from tracking single filaments embed-
ded in entangled networks. However, complex semiflexible
polymer networks such as the cellular cytoskeleton contain
multiple types of filaments with varied mechanical properties
as well as crosslinkers creating physical connections between
filaments [5]. Systematic investigations of the impact from
these additional elements upon the dynamics of a single fil-
ament moving within the background network have not been
possible with the systems typically used for reptation mea-
surements. In our study, we use semiflexible DNA nanotubes
with tunable stiffness [6] as embedded tracers in crosslinked
and entangled F-actin networks and DNA nanotube networks
[2]. Since the DNA filaments do not specifically interact
with the network constituents, we are able to observe single-
filament dynamics and directly measure the tube width of both
entangled and crosslinked F-actin, as well as DNA nanotube
networks, with respect to tracer stiffness. By applying princi-
ples of the tube model [7], we determined the mesh size of
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these polymer networks and confirmed some basic theoretical
predictions such as the scaling of mesh size with monomer
concentration. Although the concept has been proven to be
successful in deriving scaling laws that are experimentally
accessible [8–10], we find a need for adjustment beyond
solely accounting for steric interactions, since the predictions
dependent on tracer stiffness are not supported by our data.
Nonetheless, our approach allowed us to study the architecture
of crosslinked networks, opening new venues to investigate a
broad range of filamentous networks by applying tube model
predictions.

In this framework, the difficulties in describing semiflexi-
ble polymer networks as a many-body problem are reduced
by studying a single test filament in the background of all
other filaments [see Fig. 1(a)]. These background filaments
constrain the test filament so that its effective available space
is realized by a curved cylindrical tube [11], wherein the fila-
ment can reptate, i.e., diffuse along its contour [12]. The mesh
size ξ of a semiflexible polymer network is defined as the
average distance between two filaments and, thus, depends on
the monomer concentration of the solution, ξ ∝ 1/c2 [9,13].
We studied networks usually termed as concentrated solutions
or tightly entangled semiflexible polymer networks, where the
diameter a of the reptation tube is assumed to be much smaller
than the persistence length lp of the constituting filaments,
a � ξ � lp ≈ L [7,9,14–17], with L denoting the filaments’
contour length [see Fig. 1(a)]. Considering the relationship
of tube width, mesh size, and persistence length, the same
scaling law has been obtained by different argumentation,
a ∝ ξ 6/5

l1/5
p

[7,15,16].

This relation alone is insufficient to measure a network’s
mesh size quantitatively by detecting the tube width of
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FIG. 1. (a) Scheme of a tracer filament of persistence length lp

and contour length L, confined to a reptation tube of width a in a
network of mesh size ξ . (b) Symbolic cross sections of the nHT
tracer with the smallest (6HT) and largest (10HT) circumference
used in this study, where each color corresponds to one of the 6 or
10 oligonucleotides (adapted from [2]). Filament diameters df and
lp of the other tracer filaments are in between the reported limits,
see Appendix B. Since the typical contour lengths of nHTs lie in
the range of 2–15 μm with averages around 6 μm [6], they meet
the definition L ≈ lp for semiflexibility. (c) Microscopy image of a
fluorescently labeled 8HT filament. (d) Exemplary overlay of 1000
tracked frames of a reptating 8HT filament embedded in crosslinked
F-actin. The color coding indicates the measurement time (see color
map). The filament is neither crosslinked nor constrained to the
original reptation tube, but able to explore the surrounding network
during the observation time of 100 s. Since the filament’s fluctuations
are rather strong at the ends, we selected only the middle part of
each tube for determining the average tube width. Details are given
in Appendix A.

embedded tracer filaments. Hinsch et al. [7] calculated a pref-
actor of 0.31 in a self-consistent treatment of the network by
allowing fluctuations of the background filaments and decom-
posing the test filament into independent rods of appropriate
length. They also found an additional term referring to bound-
ary effects at the tube ends, using an expression for the free
energy of a confined semiflexible polymer of finite length
[18]. This second-order term accounts for the fact that short
tracer filaments are more influenced by finite-length effects
than long tracers and describes the effect on the measured tube
width when finite filaments are considered, while the above
mentioned scaling relation had only been derived for infinitely
long tracer filaments. The complete expression reads [7]

a ≈ 0.31
ξ 6/5

l1/5
p

+ 0.59
ξ 2

L
. (1)

Equation (1) was originally derived for entangled polymer
networks, but we were also able to employ it for determining
the mesh size of crosslinked F-actin networks by using DNA
nanotubes as embedded tracer filaments. These filaments have
no binding sites for actin crosslinking complexes and are thus
usable as decoupled, reptating tracers in crosslinked F-actin
networks. DNA nanotubes have the additional benefit that
their persistence length can be varied sufficiently to inves-
tigate theoretical predictions such as a ∝ l−0.2

p , which were
experimentally inaccessible before [2]. We measured the rep-
tation of DNA tracer filaments [6,19] with varying persistence
length in different semiflexible polymer networks: entangled
F-actin, crosslinked F-actin, and DNA nanotube networks.
The results can be used to determine the tube width and mesh
size, depending on the parameters tracer persistence length
and contour length as well as polymer concentration.

II. METHODS AND MATERIALS

A. DNA nanotubes as semiflexible tracer filaments

DNA nanotubes were hybridized from n partially comple-
mentary oligonucleotides as described in Ref. [20], forming
n-helix tubes (nHTs) [see Fig. 1(b)]. Lyophilized oligonu-
cleotides (biomers.net GmbH, Germany) were resuspended
in deionized water (sequences are given in [2,6,20]) accord-
ing to the manufacturer. Oligonucleotide concentration was
determined using a NanoDrop 1000 (Thermo Fisher Sci-
entific Inc., USA). Final DNA nHT samples consisted of
the n − 1 strands U1 − Un−1 and one Tn strand, each at
the same monomer concentration. For fluorescently labeled
nHTs as tracer filaments, U1 was substituted by the modi-
fied U1-Cy3, with the dye Cy3 attached to the regular U1

strand [see Fig. 1(c)]. Buffer conditions for hybridization
were 1×TE (10 mM Tris, 1 mM EDTA, pH 8) and 12.5 mM
MgCl2. A thermocycler (TProfessional Standard PCR Ther-
mocycler, Core Life Sciences Inc., USA) was used to
hybridize the nHTs. The hybridization protocol included ran-
domization and dehybridization for 10 min at 90 ◦C followed
by complementary base pairing in 20 temperature steps of
−0.5 ◦C for 60 min each, starting from 65 ◦C, and a quick
drop to 20 ◦C. Depending on the chosen set of n oligonu-
cleotides, nHTs with different diameters and, accordingly,
persistence lengths are formed [2,6,19,21], see Appendix B.
Their contour length distribution is comparable to that of actin
filaments, while the filament width stays below 10 nm [6].
After hybridization, nHTs are stable for weeks and maintain
their structure if they are kept below the structure’s melting
temperature of approximately 60 ◦C [6]. Subsequently, we
were able to polymerize F-actin background networks around
the tracer filaments, ensuring them to be homogeneously dis-
tributed. In order to compare the reptation of nHTs in F-actin
networks to the behavior of nHTs in nanotube networks, we
chose 8HT as the constituting background filament since its
persistence length of 8.9 μm is comparable to that of actin
filaments with 9 μm [22]. Likewise, we used 8HT as tracers
in F-actin background networks of similar persistence length.

B. Actin

G-actin was prepared from rabbit muscle as described
previously [23]. Actin polymerization was initiated by the
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addition of 10 times concentrated F-Buffer (1 M KCl,
10 mM MgCl2, 2 mM ATP, 10 mM DTT, 20 mM sodium
phosphate, pH 7.5).

C. DNA-based actin crosslinker wLX

For the crosslinked F-actin background network, we se-
lected the synthetic crosslinker wLX (weak LifeAct®-based
crosslinker) introduced by Lorenz et al. [24]. The crosslinker
wLX was synthesized as described by Lorenz et al. [24]. In
short, two actin-binding domains (LifeAct®, Peptide Specialty
Laboratories GmbH, Germany) were covalently attached to
the ends of double-stranded DNA (sequences given in [24])
using a copper-free click-chemistry approach. Since the two
LifeAct® peptides were connected via double-stranded DNA,
the composition transiently crosslinked actin filaments, form-
ing networks that mechanically resemble networks of F-actin
and the natural crosslinker α-actinin [24]. We preferred us-
ing wLX over naturally occurring crosslinkers because of its
reproducibility, i.e., defined length and binding strength, and
applicability, as the fluorescent nHT tracers showed unspecific
interactions with natural crosslinkers such as α-actinin and
heavy meromyosin (data not shown) that could be avoided
by using wLX. The ratio of actin monomers to crosslinker
molecules was chosen carefully to 150:1 so that the network
was fully crosslinked, but not bundled [24].

D. Sample preparation

Prehybridized nHTs labeled with the dye Cy3 were diluted
gradually to 10 nM. For the F-actin network samples, Cy3-
labeled nanotubes were mixed with monomeric unlabeled
actin (and additionally with the crosslinker wLX to a molar
ratio of 150 actin monomers to 1 crosslinker molecule for
the crosslinked actin networks) to an end ratio of nanotubes
to actin filaments of at least 1:6000. Actin assembly was
triggered by addition of 10× F-buffer and actin filaments were
allowed to polymerize for 1–2 h, ensuring that the F-actin
network formed around the embedded tracer filaments. The
samples were then placed between two glass slides previ-
ously passivated with 5% bovine serum albumin or Sigmacote
(Sigma-Aldrich, USA), sealed with grease and left to settle for
30–60 min prior to measurement. Entangled actin networks
were polymerized at 0.5 mgml−1 and crosslinked networks at
0.3 − 0.9 mgml−1.

For the 8HT network samples, a small fraction of diluted,
labeled nHTs was gently mixed with a prehybridized unla-
beled 8HT network to a final ratio of 1:4000 of labeled to
unlabeled filaments [20]. Subsequently, the sample solution
was placed between two glass slides previously coated with
Sigmacote (Sigma-Aldrich, USA) and sealed with grease and
nail polish. 8HT network samples were equilibrated overnight
at 4 ◦C and measured at 8 μM.

E. Measurement and data analysis

The reptation of fluorescently labeled nHT tracers in
different background networks was recorded via an epi-
fluorescence microscope (Leica DM-IRB, 100× objective,
NA 1.35) with an attached CCD camera (Andor, iXon DV887)
at a frame rate of 10 Hz and tracked with the ImageJ plugin

FIG. 2. Using DNA nanotubes as tracer filaments, we were able
to examine the dependency of tube width on persistence length for
three different background networks: entangled F-actin networks
(purple diamonds), crosslinked F-actin networks (crosslinked at a
ratio of actin monomers to wLX of 150:1 [24], blue circles), and
8HT networks (green squares). Tube width error bars are weighted
standard errors obtained by calculating weighted averages of several
individual tracer filaments. The tracers were 6HT, 7HT, 8HT, 9HT,
and 10HT, with a persistence length range from approximately 3–
13 μm [2], see Appendix B. The dashed line indicates the theoretical
scaling derived from the tube model. Matching colored lines depict
the power laws resulting from fitting. To access the scaling between
tube width and persistence length, it is necessary to include data from
tracer filaments of varying persistence length. Naturally, these tracers
differ in contour length, therefore we only used the leading term of
Eq. (1) to fit the data presented here and omitted the second term that
involves the tracer’s individual contour length.

JFilament [25], see Figs. 1(c) and 1(d). Subsequently, the
tracking data were used to determine the tube width and mesh
size data by analyzing multiple subsets of 100 frames for each
individual tracer filament. Details on the data processing are
given in Appendix A.

III. RESULTS

A. Tube width scaling with persistence length

After calculating a weighted mean for all tube widths mea-
sured with one type of DNA nanotube tracer, we determined
the power law exponents of the tube width scaling with the
tracers’ persistence length. Figure 2 shows the measured tube
width values for five types of nHT filaments in three distinct
background networks.

One might expect to observe different tube widths for en-
tangled and crosslinked networks of the same concentration
since some fluctuation modes of the surrounding polymers
are suppressed in crosslinked networks [26]. However, we ob-
serve nearly the same values for tube widths in entangled and
crosslinked F-actin networks, indicating that the crosslinker
wLX does not change the network geometry for the chosen
ratio of actin monomers to crosslinker molecules [24]. In 8HT
networks, nHTs were less motile than in F-actin networks and
appeared nearly stuck, resulting in lower tube widths.
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FIG. 3. Mesh size vs monomer concentration for F-actin net-
works crosslinked with wLX. Since each measured tube width that
enters the calculation of the mesh size is only a measure of the local
constraint of the individual tracer filament, we measured several trac-
ers per actin monomer concentration and averaged the results. Error
bars are calculated from relative error propagation, see Appendix A.
The dashed line indicates the expected scaling ξ ∝ c−0.5 [9,13].

The predicted scaling a ∝ l−0.2
p (indicated by the dashed

line in Fig. 2) could not be confirmed in all of the three
background networks. It is only observed for nHTs in entan-
gled F-actin where the exponent is −0.33 ± 0.16 so that an
exponent of −0.2 is within the error limits. The power law
exponent for crosslinked F-actin is −0.42 ± 0.08. However,
since the tube width values have relatively large errors, it
cannot be concluded that the predicted scaling does not apply
here. The scaling exponent for the 8HT network is −0.74 ±
0.12 which differs from the predicted exponent. Together with
the observed lower motility of nHTs in 8HT background, this
hints at unspecific interactions between filaments that are not
captured by the tube model.

By fitting the leading term of Eq. (1), we were also able
to derive the mesh size of the background networks. The
estimated mesh sizes are 1 μm for entangled F-actin, 1.2 μm
for crosslinked F-actin, and 1.4 μm for 8HT networks, corre-
sponding well with previous publications [2,27].

B. Mesh size of crosslinked F-actin networks

As demonstrated in this study, the measured tube width
is dependent on tracer properties such as the persistence and
contour length, as well as, on the local constraint exerted by
the surrounding polymers on the tracer. According to theory,
an intrinsic property of the network is the mesh size, which,
therefore, makes it a desirable quantity to measure. With our
DNA nanotube tracers, we were able to measure the mesh
size of crosslinked F-actin networks. This is not possible
using actin-based tracers because they do not reptate when
actin crosslinkers are present. 8HTs were chosen for their
persistence length comparability to unstabilized actin fila-
ments [22], avoiding effects stemming from different polymer
stiffnesses. By measuring the tube width of embedded 8HTs
and employing Eq. (1) with the adjusted scaling of a ∝ l−0.42

p
obtained from the fit plotted in Fig. 2, we determined the
mesh size for crosslinked F-actin networks of four different
concentrations (see Fig. 3). The expected scaling ξ ∝ c−0.5

[9,13] was confirmed as it had already been for entangled
F-actin [2,28]. The resulting mesh size of 1 ± 0.2 μm for a
concentration of 0.5 mgml−1 is comparable to the fitted mesh
size of crosslinked F-actin networks from Fig. 2 and to already

FIG. 4. (a) Individual tube widths for 8HTs in crosslinked
F-actin background networks are plotted over the tracers’ contour
lengths. There is no evidence of a clear scaling relation between tube
width and contour length, which is in direct contrast to theoretical
predictions. The color coding refers to the networks’ actin monomer
concentration. Error bars are standard errors, see Appendix A.
(b) This plot shows the relative correction (0.59 ξ2

L ) 1
a versus mesh

size (circles, calculated by a ∝ 0.31 ξ6/5

l0.42
p

+ 0.59 ξ2

L ) for the data of

(a). The numbers accompanying each data point are the filaments’
rounded contour lengths. Predictive curves of relative corrections
are plotted for theoretical contour lengths of 5, 10, and 20 μm. The
colors of data points and predictive curves are matched to illustrate
the gradually changing contour length.

published values for entangled F-actin of the same concen-
tration [2,27], implying that crosslinking does not change the
geometry of the F-actin network.

C. Effect of finite tracer length

Since filaments with a shorter contour length are presum-
ably more affected by boundary effects at the tube ends,
we examined whether the scaling of the second-order term
a ∝ L−1 of Eq. (1) applies to our data. We chose to study this
by measuring tube widths and contour lengths of 8HTs em-
bedded in crosslinked F-actin background networks at various
concentrations. In Fig. 4(a) all resulting tube widths for 8HTs
are plotted over the tracers’ contour lengths. The predicted
scaling a ∝ L−1 is not fulfilled. However, this does not mean
that the filaments are not affected by the predicted boundary
effects. The leading term of Eq. (1), by itself, is valid for
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infinite tracer filaments; the second term corrects for polydis-
perse tracers [7].

To quantify the effect of such finite tracer lengths, we com-
puted the relative correction of the tube width stemming from
the second term of Eq. (1). The results plotted in Fig. 4(b)
reveal that the relative correction is indeed higher for shorter
filaments. Figure 4(b) includes calculated curves of relative
corrections for distinct contour lengths analogous to predic-
tions from Hinsch et al. [7]. The data points match these
predictions well, illustrating that longer filaments are less
affected by boundary affects at the end of the tube. However,
the observed effect of these relative corrections of tube widths
is not reflected in the variation of the absolute values of
tube widths, probably because local inhomogeneities affecting
each individual tracer’s observed tube width have a higher
influence than the finite-length effect.

The results presented in Fig. 4 are obtained for 8HT tracers
in crosslinked F-actin, where the tracer persistence lengths
equal that of the surrounding filaments. This can also be
reproduced for all other datasets of embedded nHT tracers, see
Appendix C.

IV. DISCUSSION

Although a difference between the tube widths of en-
tangled and crosslinked F-actin networks at the same
concentration might be possible due to the suppression of
fluctuation modes of crosslinked background filaments, the
average values were comparable within the error bars, indi-
cating that the fluctuations of surrounding filaments do not
have a high impact on the constraining potential exerted on
the tracer filament [3,29], at least not on the timescales used
for determining the tube diameter. By varying the tracers’
persistence length, we found that the expected scaling relation
a ∝ l−0.2

p is not valid for all of the three examined background
networks. 8HT background networks show a different relation
between tube width and persistence length, presumably due to
interactions between nHT tracers and the 8HT network that
are not accounted for in the general reptation model, e.g.,
electrostatic interactions between the DNA molecules that
lead to an effective stickiness [30]. Recent studies have shown
that other scaling predictions made from the tube model
are not applicable to networks of nHTs [2] and that sticky
interactions lead to altered bulk properties of semiflexible
polymer networks [31,32]. The interactions between different
components of the cytoskeleton have been revealed to affect
the network architecture as well, which in turn influences
mechanical properties [32,33]. We speculate that an experi-
mental adjustment of the exponent in the relation a ∝ l−0.2

p
is acceptable when the interactions not included in the tube
model only mildly affect the tracers’ reptation.

Previous publications examining reptation have made use
of F-actin tracers in entangled F-actin [1,34]. Stiff filaments
[35] and flexible tracers [3,4] have also been measured. There
is no experimental study that tests the predicted scaling a ∝
l−0.2
p for semiflexible filaments over a broad range of lp. A

recent attempt by Keshavarz et al. [3] utilized flexible fila-
ments with different persistence lengths, but was limited to
two data points, hindering a clear verification of a scaling
law. However, the same study proved the prediction a ∝ ξ 6/5

for flexible filaments where ξ can be calculated indepen-
dently of a from the elastic plateau modulus obtained by
rheological measurements [3]. Consequently, we were able
to measure the mesh size of crosslinked F-actin networks by
applying Eq. (1). Until now, this had only been done before
for entangled F-actin by employing actin filaments as tracers
[2,27]. The results for crosslinked F-actin networks reveal a
good agreement with the established concentration scaling
ξ ∝ c−0.5 [2,28] and the absolute values are well comparable
to those published for entangled F-actin networks [2,27], con-
firming that the crosslinker wLX does not change the network
architecture for the chosen crosslinker concentration [24] and
indicating that suppressing background filament fluctuations
does not have a high impact on the constraining potential
exerted on the tracer filament [3,29]. Our findings might be
compared to bulk measurements, e.g., by performing scatter-
ing experiments on crosslinked and entangled F-actin, since
formulations for scattering functions for semiflexible poly-
mers in different environments and under constraints already
exist [36,37].

The correspondence of measured mesh size values between
entangled and crosslinked F-actin networks justifies the use of
Eq. (1) for the crosslinked networks, even if it was derived for
an entangled network with fluctuating background filaments.
This is comparable to the findings of Gardel et al. [38], where
the elastic moduli of crosslinked F-actin networks followed
the concentration scaling that had been deduced for entangled
networks in the tube model framework previously [8]. We
would like to point out that the use of other actin crosslinkers
might change the network architecture or interactions between
background network and tracer filaments in such a way that it
is not possible to use Eq. (1) for data evaluation. The effect of
suppressed fluctuations stemming from crosslinkers could be
modeled by incorporating an additional potential into the tube
theory, which vanishes in the limit of purely entangled solu-
tions and becomes stronger when more degrees of freedom
are reduced.

A recent simulation study investigated the difference be-
tween static and entangled background polymers and its effect
on stress relaxation in the framework of the tube model [39].
Lang and Frey [39] showed that constraint release, the dis-
solution of the reptation tube upon correlated motion of the
tracer and its surrounding filaments, leads to altered tracer
dynamics and relaxation times [4,9,39]. This could explain
why conventional tube model predictions do not fully account
for the examined networks, which differ from a structure with
fixed obstacles.

V. CONCLUSION

We have tested the persistence length dependency of tracer
filaments reptating in a polymer network, revealing that the
tube model needs to be extended to describe actual experi-
mental data, where more than steric interactions are present.
Additionally, we showed that networks with finite-length
polymers differ from theoretical solutions with infinitely long
filaments. Our results may guide theoreticians to develop a
comprehensive framework for both entangled and crosslinked
polymer networks. However, the tube model does indeed pro-
vide valid predictions for measuring parameters describing
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the geometrical structure. Utilizing mechanically tunable fil-
aments as tracers, not only entangled, but also crosslinked
networks can be architecturally characterized. This approach
is particularly appealing because it avoids additional influ-
ences inherent to embedding fluorescent beads for these
determinations [28,40] or labeling entire networks with flu-
orophores [41]. Our method may also prove applicable to
other semiflexible polymer networks, e.g., networks of other
cytoskeletal filaments or collagen fibers that are physically
crosslinked. The programmability of DNA nanotubes further
allows one to choose a suitable tracer’s persistence length to
match that of the background network of interest, thus miti-
gating emergent effects due to different polymer stiffnesses.
Furthermore, stable and biocompatible probe filaments like
DNA nanotubes may be utilized to measure local properties
of heterogeneous scaffolds such as the extracellular matrix or
the cellular cytoskeleton.
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APPENDIX A: TUBE WIDTH ANALYSIS

After preprocessing the image stacks with the ImageJ
plugin Stack Contrast Adjustment [42], filament backbones
were determined by the ImageJ plugin JFilament [25]. From
the backbones, tube widths were derived using a self-written
Matlab (The MathWorks, Inc.) script as depicted by Fig. 5.
The process is as follows: Fig. 5(a) plots all 1000 tracked
configurations of the filament during the observation time
of 100 s (see color bar at side). From these 1000 frames,
three sets of 100 consecutive frames are chosen so that the
filament stays in one reptation tube for the selected 10 s. As
a criterion, the deviation of the filament’s midpoint from the
reference midpoint of the first frame is examined as displayed
in Fig. 5(c). Figure 5(b) shows an example of one chosen
set of 100 tracked configurations (blue). The gray dotted line
depicts the mean of all 100 configurations and the red lines
are perpendicular to this tube backbone. To determine the tube
width, the intersection points of the 100 individual configu-
rations with the orthogonal lines are detected. The resulting
intersection positions (orange crosses) are processed for each
tube backbone point as shown in Fig. 5(d): From the intersec-
tion positions, a kernel density distribution is calculated (red).
A Gaussian distribution (blue) is fitted to this kernel density
estimate. Since this process is repeated for every orthogonal
line from Fig. 5(b), we can plot a tube width measure for each
point of the tube backbone as in Fig. 5(e). The orange curve
shows the distance of the two outermost individual configu-
rations, whereas the blue line is the standard deviation of the
Gaussian fit from Fig. 5(d). Due to a rather high fluctuation
of the filament’s ends, only the middle part of the curve in
Fig. 5(e) is used (i.e., tube arc length from 1 to 5.6 μm for this
example) and the resulting tube width of the chosen set is the
average of two times the standard deviation of the Gaussian fit.

TABLE I. Characteristic lengths of the tracer filaments [2,6], lp

is the persistence length and df is the tracer thickness.

Tracer lp ( μm) df ( nm)

6HT 3.18 ± 0.25 5.7
7HT 5.64 ± 0.76 6.7
8HT 8.94 ± 0.87 7.6
9HT 9.66 ± 1.57 8.6
10HT 12.75 ± 1.23 9.5

The tube width of the whole filament is defined as the average
of the tube width from the three subsets of configurations, the
standard error of the tube width u(a) is the standard error of
this mean. To implicitly calculate the mesh size from

a ≈ 0.31
ξ 6/5

l1/5
p

+ 0.59
ξ 2

L
, (A1)

the contour length of the filament was deduced as the average
contour length of the 300 frames used for tube width determi-
nation. Analogously to the tube width, the standard error u(L)
of the contour length is the standard error of this mean. For
the mesh size we calculated the error u(ξ ) by relative error
propagation using u(ξ ) = u(lp) ε 5/6 + u(a)5/6 + u(L)/2,
with u(lp) being the standard error of the persistence length
according to Table I. The factor ε is the exponent extracted
from the fit displayed in Fig. 2, i.e., ε = 0.33 for entangled
F-actin, ε = 0.42 for crosslinked F-actin, and ε = 0.74 for
the 8HT background network.

APPENDIX B: CHARACTERISTIC LENGTHS OF nHTs

In Table I we give an overview of the nHT persistence
lengths lp and filament diameters df used throughout our
calculations. Filament diameters were estimated from nHT
circumference values given in Ref. [6]. Persistence length
values were taken from Ref. [2], except for 7HT, where we
measured the persistence length with the method described
in [2]. Since the persistence length of actin filaments is
about 9 μm [22], approximate ratios between tracer (6HT,
7HT, 8HT, 9HT, and 10HT) and background filament (F-
actin or 8HT) persistence lengths are 3×, 1.5×, 1×, 1×, and
(1/1.5)×, respectively.

APPENDIX C: CONTOUR LENGTH CORRECTIONS

We used Eq. (A1) to calculate mesh sizes from measured
tube widths. The second term accounts for boundary effects
occurring at the ends of the reptation tube. In the main text, we
showed that the scaling a ∝ L−1 is not observed for 8HT trac-
ers embedded in F-actin networks crosslinked with wLX at
different concentrations [see Fig. 4(a)]. In Fig. 6 we plot indi-
vidual tube widths vs contour lengths of five nHT tracer types
in three different background networks with constant con-
centrations. The results do not support the predicted scaling
a ∝ L−1 as shown before, again confirming that the variation
of the absolute values of tube width due to finite length effects
is negligible. By calculating the relative correction of the tube
width stemming from finite length effects, we are able to
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FIG. 5. Scheme of tube width determination, example filament is an 8HT in F-actin at 0.5 mgml−1 crosslinked with wLX at a ratio of
150:1. The process is explained in detail in the text.

verify that these effects are small, but larger for shorter tracer
filaments [see Fig. 4(b)]. Here we show that the same results
are obtained for all measured combinations of tracer filaments
and background networks. In Fig. 7 the relative correction
(0.59 ξ 2

L ) 1
a is plotted against the mesh size determined by

a = 0.31 ξ 6/5

lεp
+ 0.59 ξ 2

L with an exponent ε = 0.33 for entan-

gled F-actin, ε = 0.42 for crosslinked F-actin, and ε = 0.74
for the 8HT network, as extracted from the fit displayed in
Fig. 2.
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FIG. 6. Tube width vs contour length for all individual tracer filaments which are averaged in Fig. 1. The predicted scaling a ∝ L−1 is not
observed for 6HT (a), 7HT (b), 8HT (c), 9HT (d), and 10HT (e) in three different background networks.
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FIG. 7. Relative tube width correction vs calculated mesh size for all data sets of different nHTs (varying from top to bottom) embedded
in three background networks (varying from left to right). The curves for 5, 10, and 20 μm contour length are predictions, while the colored
dots are data points, each accompanied by the rounded contour length of the respective tracer filament.
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