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Spontaneous self-organization of active matter has been demonstrated in a number
of biological systems including bacteria, cells, and cytoskeletal filaments. Cytoskeletal
filaments act as active polar rods when they are propelled along a glass surface via
motor proteins. Actin has previously been shown to display polar or nematic ordering,
whereas microtubules have been shown to create large vortices. For the first time, we
combine both the actin and microtubule gliding into a composite active system. In the
absence of actin filaments, microtubule filament organization transitions from isotropic
to nematic to polar as a function of filament density. We find that the presence of a
crowder, methylcellulose, is essential for this transition. In the absence of microtubules,
actin transitions from isotropic to nematic. In combination, microtubules are affected by
the presence of actin and the overall density of the filaments, becoming entrained with
the nematic alignment of actin. Actin filaments are not as affected by the presence of
microtubules. These results serve as first step in exploring the rich emergent behavior
that can result from composite active matter system with tunable particle properties,
self-propulsion speeds, and interparticle interactions.

Keywords: active matter, non-equilibrium physics, phase transition, collective motion, myosin, kinesin

INTRODUCTION

Active materials are a recently demarcated class of non-equilibrium systems that are characterized
by energy input at the microscale that results in emergent steady states at long length scales.
Being inherently out of equilibrium due to the microscopic drive, the basic mechanisms that
lead to emergent behavior provide a pathway to design materials that have properties prohibited
thermodynamically in traditional systems [1] and identify design principles for directed self-
assembly [2]. Further, active materials serve as a useful theoretical paradigm to understand
biochemomechanical functionality in biological systems ranging from sub-cellular [3-5] to
tissues [6-8].

From a fundamental point of view it is useful to categorize active materials based on the
symmetry of the active drive and the interactions among particles [9, 10]. The most common
realization of activity is self-propulsion, a self-replenishing velocity along one direction of the body
axis of the particles that compose the material. This could arise either due to flagellar swimming
in the case of bacteria [11, 12] or due to cytoskeletal motility as in the case of epithelial cells
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[13, 14], due to chemical catalysis in the case of synthetic systems
[15, 16] or due to the activity of a motor protein carpet as in
the case of motility assays [17-19]. The symmetry of this form
of drive is called “polar” in that there is a specific direction in
the particle coordinates in which the driving acts. The emergent
properties of self-propelled particle systems are determined by
the symmetry of the interaction. The most well studied case is
that of isotropic (non-aligning) excluded volume interactions.
Isotropic active fluids have proved fruitful to describe synthetic
self-propelled particle systems [20, 21] and have led to our
understanding of such phenomena as athermal phase separation
[20], rectification in the presence of barriers [22], and boundary
effects [23].

Another realization of interactions among self-propelled
particles is nematic alignment, where the body axes of two
interacting particles along which their self-propulsion axes are
equally likely to be aligned parallel or anti-parallel with respect
to each other. This is a well-studied model theoretically, using
microscopic simulations [24-28], statistical mechanics [29-31],
and continuum theory [32-35]. Spectacular phenomenology
predicted from the theoretical investigations include the
existence of anomalous Giant Number fluctuations and phase
separation into bands, and instability of the bands leading
to a chaotic inhomogeneous steady state. The experimental
investigations into this rich parameter space have been more
limited. A vibrated monolayer of granular rods have been used as
an experimental test bed for some of these ideas [36, 37] while this
theoretical paradigm has been used to understand some emergent
behavior in B. Subtilis [11, 12, 38] and myxobacteria colonies
[39-41]. Further, to date, most active matter systems explored
experimentally, have been composed of a single species of active
particle, while theoretical work on self-propelled particles with
varying motility has shown segregation behavior in bulk [42] and
under confinement [43].

In this work, we create a new, composite system composed
of both microtubules and actin filaments as rods propelled by
their respective motor proteins, kinesin-1 and myosin-II. We
build upon past work with actin systems [1, 17, 44, 45] and
our own prior work with microtubule systems [46-48]. The
theory above describes actin ordering from isotropic to nematic,
but prior experimental reports have shown that actin can also
transition to global polar order, where all the filaments are
propelled in the same direction [17, 49]. The same theories apply
to microtubule systems, but microtubule ordering has often been
difficult to observe, especially in kinesin-driven filament gliding
assays. In our previously published works, we used microtubule-
gliding assays with kinesin-1 motors to examine the effects of
both filament density and crosslinkers on self-organization of
microtubules [46-48]. We found that two microtubules do not
interact at low concentration [46, 47], often crossing each other
as if the other filament was not in the path. When taken to
higher filament densities, we found that there was no long-range
order, instead small, single microtubule loops form [46]. Other
microtubule motors, such as axonemal dynein, have been shown
to create arrays of large vortices of gliding microtubules [18]. In
this manuscript, we report a method for creating microtubule
self-organization for the first time. Microtubules are capable of

nematic and polar order at high densities. Interesting, the same
experimental parameters cause actin filaments to lose their polar
order, although they can still exhibit nematic ordering.

In this work, we take self-organization a step forward
by creating a new, composite system composed of both
microtubules and actin filaments as self-propelled rods. This
system can serve as a model to explore the emergent behavior
of composite self-propelled particles with aligning interactions
and variable motility and particle properties. The actin and
microtubule composite is also biologically interesting because
microtubules and actin filaments make up part of the essential
cytoskeletal network of cells. Microtubules serve as long-range
support structures and the long-distance highway system for
intracellular transport in the cell [50]. Actin filaments serve as
active force generators for cell motility and cellular contraction,
as well as the short-range, local road system for intracellular
transport [50]. Each of these cytoskeletal networks self-organize
into important architectures within cells, and are presumed to
interact, yet little is known about those interactions. Recent work
has illustrated that microtubule-associated proteins and actin
binding proteins can serve as the intermediary between these
two networks to drive co-organization during simultaneous co-
polymerization [51, 52]. The cytoskeletal structure is active, using
the energy of ATP (actin) or GTP (microtubules) hydrolysis to
rearrange itself as needed based on the cell’s life cycle state,
cell cycle state, or local environment. The cell has no internal
intelligence prescribing the cytoskeletal architecture. Instead,
the microtubule and actin networks must self-organize using
physical and chemical cues. The work presented here is an
important step in understanding how actin and microtubules
could self-organize and coordinate in the cell using only physical
(steric) interactions.

In the experiments reported here, we find that actin alone
changes from isotropic to nematic organizations with increasing
filament density while microtubules exhibit isotropic, nematic,
and polar ordering. When mixed together, we find that the
actin can inhibit microtubule polar order, and the filaments can
affect each other to cause entrainment. We find that the effect
is stronger for actin affecting microtubule organization, but not
as effective for microtubules on actin alignment. These results
serve as first step in exploring the rich emergent behavior that
can result from this composite active matter system with tunable
particle properties, self-propulsion speeds, and interparticle
interactions.

MATERIALS AND METHODS

Actin Polymerization

Actin was purified from acetone powder of chicken pectoralis
muscle as previously described [53]. Briefly, G-actin was
extracted from the actetone powder in a low salt buffer (2 mM
Tris base, 0.2mM CaCl,, 0.005% NaN3, at pH 8.0) on ice in
a cold room (4°C). Actin filaments were then polymerized in
a solution including 1 mM ATP, 10 mM imidazole, 50 mM KClI,
1 mM MgCly, and 1 mM DTT, pH 7.5. Labeled actin filaments
were polymerized in the same buffer from a combination of
rhodamine-labeled globular actin (Cytoskeleton) and unlabeled
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actin at a ratio of 1:2. To polymerize filaments, actin solution was
incubated on ice for 30 min and then at room temperature for
another 30 min. Unlabeled phalloidin (Thermo Fisher Science)
in methanol was added to stabilize the actin filaments with a
final concentration of 16 wWM. After the addition of phalloidin,
filaments were incubated on ice for another hour.

Microtubule Polymerization

Microtubules were polymerized from 5 mg/ml tubulin dimers
(Cytoskeleton) in adding PEM-100 (100mM PIPES, 1mM
EGTA, 1mM MgSO4, pH 6.8). Labeled microtubules were
polymerized by mixing Dylight-650 tubulin (Cytoskeleton) or
Alexa-647 tubulin (PUR Solutions) at a 1:8 ratio tubulin with
unlabeled tubulin. After mixing tubulin in PEM-100, dimers
were centrifuged at 360,000 x g at 4°C for 10min to pellet
aggregated dimers. The supernatant was removed and used
for polymerization. GTP was added to the solution at 1 mM.
Tubulin was incubated at 37°C for 20 min. After polymerization,
paclitaxel (Taxol) was added to a final concentration of 50 uM
to stabilize microtubules. The Taxol binding was equilibrated by
incubating at 37°C for another 20 min.

Myosin Il Preparation

Whole skeletal muscle myosin (myosin II) was purified from
chicken pectoralis muscle as previously described [54]. It
was subsequently cut by chymotryptic digestion into heavy
meromyosin (HMM) and further purified as described [54].
HMM was stored in —20°C in 50% glycerol and a low salt
myosin buffer (25 mM imidazole, 300 mM KCI, 1 mM EGTA,
10mM DTT, 4mM MgCl, at pH 7.4.) for up to 4 weeks when
being used in gliding assays. Prior to use in filament gliding
assays, the final purification steps for HMM were performed to
remove any enzymatically dead myosin motors. Myosin stock
is diluted in myosin buffer to final concentration of 180 pg/ml
myosin, 100 pg /ml unlabeled F-actin, and 1 mM ATP. The
myosin and actin were centrifuged for 20 min at 95,000 rpm and
4°C. Enzymatically dead myosins bind and do not release from
actin filaments, and therefore pellet during centrifugation. Use of
myosin remaining in the supernatant ensures the best activity of
the motors and the removal of dead motors reduces additional
drag on these active motors in these motility assays.

Kinesin-1 Preparation

Truncated kinesin-1, 560 amino acids in length, with a 6x His
tag and GFP at the amino terminus (AddGene) was transfected
into BL21 bacteria cells for protein expression and purification,
as previously described [55, 56]. Kinesin was aliquoted and drop
frozen in 30% sucrose in PEM-100 for use over 6-9 months.
Prior to use in filament gliding assays, kinesin-1 was clarified by
centrifugation at 360,000 x g for 10 min at 4°C.

Filament Gliding Assays

Filament gliding assays to accommodate both actin and
microtubule gliding were modified from microtubule and actin
gliding assays (Figure1). Coverslips were coated with 0.1%
nitrocellulose diluted in amyl acetate using a spin coater at
3,500 rpm for 30s. Coverslips were used to create experimental

A Cytoskeletal Filaments

Microtubule Actin
....... (08/0.8/09,08,0.0/080,8/8/0808; m
Lp~1mm Lp~16 um
B Motor Proteins
Kinesin Myosin-Il

e

¢ Experimental Method: Gliding Assay
Methylcellulose

FIGURE 1 | Composite driven active rod experiments. (A) The rods are
composed of microtubule and actin filaments, which are polymerized from
tubulin dimers and globular actin monomers, respectively. (B) Microtuules are
driven by the ATP turn-over of kinesin-1 motor proteins. Actin filaments are
driven by the ATP turn-over of myosin-Il motor proteins. Both motors are
truncated forms. Kinesin-1 is truncated at amino acid 560 and expressed in
bacteria. Myosin-Il is enzymatically cleaved to make heavy meromyosin (HMM)
and purified from chick muscles. (C) Active rod experiments performed in a
filament gliding assay. Kinesin-1 and myosin-Il are both adhered to the cover
glass. Microtubules and actin filaments are added to the chamber where they
bind to the motors and are propelled via ATP. Methylcellulose is added to keep
actin and microtubule filaments crowded to the surface.

chambers using double stick tape to create a flow path between a
slide and the coverslip. Chambers were 10 pl in volume. Myosin
(530 nM) and kinesin (58 nM) motors were mixed, added to the
chamber, and incubated for 5 min to allow them to adhere to the
surface. The surfaces were blocked by adding 0.5 mg/ml BSA in
actin buffer (25 mM imidazole, 25 mM KCl, 1 mM EGTA, 10 mM
DTT, 4 mM MgCl, at pH 7.4). Cytoskeletal filaments were added
to the chamber and allowed to adhere. Actin filaments were
diluted in actin buffer with oxygen scavenging system (0.016 uM
glucose oxidase, 0.12 mg/ml catalase) and microtubule filaments
were diluted in PEM-100 and 20 uM Taxol with the same
oxygen scavenging system. Finally, motility solution (50 mM KClI,
2.5mM ATP, 10 mM DTT, 30 uM Taxol, 0.6% methylcellulose in
actin buffer) is added to initiate the gliding activity.

In order to vary the density of the cytoskeletal filaments
for each experiment, we adjusted the concentration of the
filaments that were added to the chamber. The concentration was
described by the concentration of the tubulin or G-actin subunits
added. The density of the filaments was estimated from the
concentration of subunits using the median length measurement
(Figure 2) of each filament, assuming that all the filaments were
this median contour length, L.. The contour length was used to
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FIGURE 2 | Filament characterization. (A) Filament contour lengths were measured for actin filaments and microtubule filaments. (i) Probability distribution functions
(PDFs) of actin filaments (red circles, N = 1070) and microtubules (blue squares, N =
lognormal function for actin (dark red line) and microtubules (dark blue line). See Supplemental Information for fit equation and Supplemental Table 1 for all fit
parameters with uncertainty and goodness of fits. (i) Cumulative distribution functions (CDFs) of the same data for actin filaments (red circles, N = 1070), and
microtubules (blue squares, N = 865). CDFs were normalized and fit with the error function appropriate for lognormally distributed data for actin filaments (dark red
line) and microtubules (dark blue line). See Supplemental Information for fit equation and Supplemental Table 2 for all fit parameters with uncertainty and goodness of
fits. (i) Using the fit parameters from the CDF data, we found the median contour lengths for both actin filaments (red bars) and microtubules (blue bars). Error bars
represent the uncertainty of the fits parameter for the median. (B) Filament velocities were measured for actin and microtubule flaments separately. (i) PDFs of actin
filament velocities (red circles, N = 276) and microtubules (blue squares, N = 167) were binned with 0.05 um/s sized bins and normalized. Data was fit to a lognormal
function for actin (dark red line) and microtubules (dark blue line). See Supplemental Information for fit equation and Supplemental Table 3 for all fit parameters with
uncertainty and goodness of fits. (i) Cumulative distribution functions (CDFs) of the same data for actin filaments (red circles, N = 276), and microtubules (blue
squares, N = 167). CDFs were normalized and fit with the error function appropriate for lognormally distributed data for actin filaments (dark red line) and microtubules
(dark blue line). See Supplemental Information for fit equation and Supplemental Table 4 for all fit parameters with uncertainty and goodness of fits. (i) Using the fit
parameters from the CDF data, we found the median filament velocities for both actin filaments (red bars) and microtubules (blue bars). Error bars represent the

865) were binned with 0.25 wm sized bins and normalized. Data was fit to a

find the number of subunits per filament and the approximate
surface area projection of each filament. For microtubules, the
number of subunits per filaments was approximated by assuming
that the microtubules had 13 protofilaments around and a dimer
was 8nm in length. For an actin filament, there were two
protofilaments and each monomer was 5 nm in length. The molar
concentration was converted to the number of filaments using the
estimation of the number of subunits per filament. The contour
length was also used to find the volume of an individual filament,
and the volume was converted to the surface area of the filament
by raising it to the 2/3rds power. These estimations were used to
change the concentration of tubulin or G-actin subunits into the
number of filaments in the chamber and the surface density of
filaments in the chamber, as reported.

Because actin and microtubules are filaments, and they are
polymerized at high density, they have the ability to be entangled
networks in the test tube. This filament entanglement was the

largest source of variation in our experimental system because
the local filament density could change when entangled. When
pipetting the filaments to dilute them, the entangled filaments
could result in pulling out more or fewer filaments than expected.
Further, the final chamber wash, which included methylcellulose
had to be pipetted gently to prevent disruption or breakage of the
methylcellulose.

In order to mitigate these issues and increase the
reproducibility of our experiments, we performed the following
experimental steps for each experiment. First, microtubules were
sheared 3 times using a pipette to purposely break up entangled
networks and to create microtubules that were relatively short
(Lc ~5pum; Figure 2). Actin filaments were polymerized to be
short (L. ~1m; Figure 2), but they were still entangled at
high concentration. In order to mix the labeled with unlabeled
actin filaments, labeled filaments were added to the unlabeled
filaments and were mixed by stirring with the pipette tip. The
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actin filaments were never pipetted excessively nor were they
vortexed to mix, as this would cause shearing and reduction of
the length of the filaments. All chambers were visually inspected
to determine if the filament density was similar from chamber to
chamber for the same experimental parameters. If a chamber did
not appear to have a similar or expected density or either actin or
microtubules, it was not used for analysis.

Another source of uncertainty of the experiments was the
labile nature of the isolated kinesin-1 or myosin-II motors. These
motors were fairly stable when stored, but would sometimes
prematurely expire and no longer function. If either the
microtubules or actin filaments did not bind to the surface or did
not glide, the chamber was discarded, and a new preparation of
kinesin-1 or myosin-II was purified. During this study, 7 different
myosin-II preparations from chicken and three different kinesin-
1 preparations from bacteria were prepared. The majority of the
data reported was from a single preparation of both kinesin-1 and
myosin-IIL.

As described above, the final purification step for myosin-II
motors was performed each day prior to using the myosin-II
motors to remove myosin-II motors that may have expired in
storage. In this step, the myosin was bound to actin filaments
and released using a high concentration of ATP. Despite all
these procedures, we still had some enzymatically dead myosin-II
motors bound to our surface in the experiment. In typical actin
gliding assays, we would add in unlabeled actin filaments to block
these dead motors in the chamber. In our work, such additional
filaments would increase the concentration at the lowest densities
of filaments, so we could not include them. Thus, we had some
labeled filaments at the lowest actin concentration that would
bind to dead myosin-II molecules and be immobile.

Microtubule-Kinesin Only Gliding Assay

To examine the effect of methylcellulose on microtubule gliding
in the absence of actin and myosin, we performed microtubule-
kinesin gliding assays without myosin. Flow chambers without
nitrocellulose were made from a slide, cover glass, and double
stick tape to create a 2-3 mm wide path. Both the slide and cover
glass were cleaned with 70% ethanol. Kinesin-1 was added and
incubated for 5min to adhere to the glass. The chamber was
washed and blocked with BSA using wash buffer (5.4 mg/ml BSA,
20mM DTT, 60 WM of Taxol in PEM-100). Next, rhodamine
microtubules (1:9 labeled dimers) were added to the chamber
and incubated for 2 min. Finally, activation mix (78 mM DTT,
78 wM Taxol, 3.1 mM of ATP, 0.016 .M of glucose oxidase, 0.12
mg/ml of catalase, 1 mg/ml glucose in PEM-100) was added
to start the assay. The activation mix above was supplemented
with an ATP regenerating system [2mM phosphocreatine and
70 mg/ml creatine phosphokinase (PCK)] to allow longer
imaging up to 1h. Microtubules were sheared with a 25
pl Hamilton syringe 3-5 times to make the microtubules
shorter.

Imaging and Image Analysis

For all assays, gliding filaments were visualized using epi-
fluorescence imaging on a Nikon Ti-E inverted microscope
with either a 60x water immersion objective (NA = 1.38)

or a 60x oil-immersion objective (NA = 1.49). Rhodamine
actin (excitation: 530nm, emission: 560nm) and Dylight
650 (excitation: 650nm, emission: 700nm) or rhodamine
microtubules (emission: 530 nm, excitation 560 nm) were imaged
using sequential imaging for 2-60 min and recorded using Nikon
Elements. Images were projected onto the detector of a Scientific-
CMOS camera (Zyla, Andor), recorded, and saved as.nd2 files
(compressionless tif files) with the metadata. Image data was
imported into ImageJ/Fiji using the Bioformats Imager. The pixel
size was 108 nm/pixel. The diffraction limit for the fluorescence
image was approximately 300 nm, which corresponded to about
3 pixels. All experiments were performed at room temperature
(23°C) in a temperature-controlled room with year-round
heating and air conditioning.

Determination of the state of the filament gliding system
were performed by creating standard deviation z-projections
of the timeseries movie data using Image]/Fiji. The standard
deviation images were inspected manually and classified initially
in that manner. In order to reduce human bias, we also
used two different Image]/FIJI plugins to characterize the
global organization of the filaments. The programs were
“Directionality” [57] or “Orientation]” [58]. Both of these
systems can use either a nearest neighbor approach or fast
Fourier Transforms to detect the local gradient in the intensity
of an image. The gradient of the intensity in a local vicinity
corresponds to the local orientation. We found that both of these
systems worked well for identifying the regions where filaments
were aligned and the orientation of the aligned regions. Global
alignment could be visually inspected using a color-coding.
Histograms of the angles represented within the image were
plotted (Supplemental Figure 1). When the image was globally
isotropic, the angles were evenly distributed, with no or very
little peak at the alignment angle. For aligned images, there was
one dominant or characteristic angle in the histogram between
—90 and 90 degrees, as would be expected for aligned filaments.
Using this analysis, we could verify in a non-biased way, when
the standard deviation images revealed alignment for most of the
data (Supplemental Figure 1A).

We found that the Image]/FIJI plugins or programs had some
difficulty with certain data sets. We show two difficult data sets
in the supplement (Supplemental Figure 1B). The reasons for the
uncertainty were sometimes due to the fact that there were very
few filaments, such as in the most dilute regimes. Other times,
the images had non-motile, background aggregates that showed
up in fluorescence. Although these aggregates should be round, if
the movie displayed thermal drift, the points would be analyzed
as orientation in the data. We attempted to correct this using drift
correction plugin (StackReg), but were not able to drift correct all
the data sets. Finally, sometimes the data appeared isotropic to
our eyes, but appeared to have some overall orientation. This may
have been due to the fact that the goal of the program is to seek
out and report orientation based on intensity gradients. Samples
with low signal-to-noise, which some of our data had due to
photobleaching, may have appeared to have some orientation.
For completeness, we show examples of when the Directionality
or Orientation] analysis did not report the overall arrangement
of the filaments as clearly (Supplemental Figure 1B).
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In order to assess if bundles of microtubules or actin filaments
were displaying nematic or polar alignment, we used kymographs
(space-time plots). The location of the linear region of interest
for the kymograph was determined using the standard deviation
z-projections of the movies, which represented the tracks of
filaments over time. The linear region of interest was moved
to the movie and created using the MultiKymograph plugin
in ImageJ/FIJI (http://imagej.net/Multi_Kymograph). The linear
region of interest was expanded to three pixels, which is
a diffraction-limited region for our microscope. Kymographs
displayed the number of filaments and the direction of the
filaments that moved along the same track within a diffraction-
limited region over the entire movie.

RESULTS

Filament and Gliding Characteristics

We have performed a series of active matter experiments of self-
propelled rods using a composite of both actin and microtubule
cytoskeletal filaments. The propulsion is created through motor
proteins myosin-II (HMM) and kinesin-1 that propel actin and
microtubules, respectively. The motor proteins are affixed to the
surface through non-specific interactions as previously described
[19]. We also use methylcellulose (0.3 and 0.6%, 88,000 MW) as
a crowding agent, routinely used in actin gliding assays to help
keep filaments on the surface [59, 60] (Figure 1).

The combination of actin and microtubules together is
particularly interesting, because these filaments have significantly
different bending stiffnesses. Specifically, actin has a persistence
length of 16 wm [61], and microtubules have a persistence length
of 1 mm [61-63]. To assure that the filaments would act as rigid
rods, we created and measured the contour length of the actin
filaments and microtubules filaments (Figure 2A). We found
that the contour lengths have a log normal distribution, typical
for polymerization reactions [64] (Figure 2Ai). The probability
distribution function (PDF) data fit to a lognormal function
well (see Supplemental Data and Supplemental Table 1 for fit
equation, fit parameters with uncertainties, and goodness of fits).
Replotting the data as a cumulative distributions function (CDF),
we found that the logarithmic error function fit the data well
(Figure 2Aii, see Supplemental Data and Supplemental Table 1
for fit equation, fit parameters with uncertainties, and goodness
of fits). We find the median contour length for the actin filaments
was 0.980 £ 0.001 pm and for microtubules was 5.05 £ 0.008 pm
(Figure 2Aiii).

Another important parameter for the phase behavior of self-
propelled rods is the velocity of the filaments. Using data taken at
low densities of actin and/or microtubule filaments, we directly
measured the self-propulsion velocity of the filaments. We find
that the velocity distributions are almost identical when plotted
as probability distribution histograms (Figure 2Bi). Using the
Kolmogorov-Smirnov statistical test, we find that the probability
that these two distributions are distinct is only 16% (p = 0.161),
so we conclude that the distributions are identical to our ability to
measure it. Median velocities, determined from error function fits
to the cumulative distribution functions (Figure 2Bii) are very

similar for actin (0.341 & 0.001 jum/s) and microtubules (0.323 +
0.004 wm/s) (Figure 2Biii).

Methylcellulose Enhances
Microtubule-Microtubule Interactions

Given our past results and long-time experience with
microtubule gliding [46-48], we were surprised to see that
microtubules became well-ordered at high density when
we performed experiments as described here (compare
Supplemental movies 1 and 2). The buffers and protein
constituents are different in the current assays compared to
prior work, so we examined what might cause the difference.
We discovered that the presence of methylcellulose in the
experiment was capable of inducing microtubule-microtubule
interactions that result in the formation of large-scale bundles
(Figure 3B). Methylcellulose is a crowding agent used in both
actin gliding and microtubule dynamic instability assays to
force the filaments to stay close to the surface during the assay.
We added it here in the attempt to create a composite assay
between microtubule and actin gliding. Excitingly, it enhanced
the microtubule interactions, such that they were able to form
self-organized bundles during gliding. Further, these bundles
appear to be polar—all moving in the same direction (see
Supplemental Movie 2). Thus, not only is the methylcellulose
allowing the microtubules to sterically interact with each
other, the microtubules are likely engaged closely and without
lubrication, as has been reported when using poly-ethylene
glycol [65].

Microtubules Exhibit Isotropic, Nematic,

and Polar States

Using the composite experimental system including kinesin,
myosin, and methylcellulose, we observed microtubules alone
can alter their self-organization as a function of filament density.
At low filament density, the organization of microtubules in the
chamber is isotropic. We displayed the motion of individual
filaments by overlaying images of microtubules as different colors
to represent different times (Figure 4A, Supplemental Movie
3). The tracks were isotropically distributed, revealing the polar
gliding trajectory of individual filaments (Figure 4Ai). Using
these tracks, we created kymographs (space-time diagrams) of
the moving filaments to reveal the direction and speed of each
filament as it glided (Figure 4B). The intensity of the filament was
displayed with distance along the track on the x-axis, and time
along the track in the y-direction. The diagonal lines indicated
motion of the filaments parallel to the track. For low densities, the
kymographs showed one filament gliding in only one direction
(Figure 4Bi).

At intermediate filament densities, the tracks in the time
color overlay image were mixed because many filaments
were overlapping in a condensed, active stream of filaments
(Figure 4Aii, Supplemental Movie 4). The condensed streams
that appeared in the overlay image were used to create a
kymograph to reveal the velocity and direction of filaments in the
stream. In the kymograph, tracks moved in both directions (left
and right). The width of the line used to create the kymograph
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FIGURE 3 | Methylcellulose increases microtubule interactions. (A) Time series of gliding microtubules in a chamber with kinesin-1 motors only without
methylcellulose. Microtubules do not exhibit long-range interaction. Microtubules do create small loops. Time between frames is 100's. (B) Time series of gliding
microtubules in a chamber with kinesin motors and 0.3% methylcellulose, as used in our composite assays. Microtubules begin in a nematic phase, which is aligned
and transition to a polar phase. Time between frames is 100's. For all images, the scale bar is 10 um.

400 s 500 s

10 um

was ~300 nm, which was approximately the diffraction limit of
the microscope. The fact that multiple filaments with opposing
directions were observed within the same diffraction-limited
region of the stream implies that these filaments were organized
into a nematic within the stream.

At higher concentrations, the time color overlay was also a
mix of colors, appearing white in some regions, because they
were present over almost the entire imaging time (Figure 4Atiii,
Supplemental Movie 5). The condensed streams at higher
concentration appeared a bit wider and better condensed than
those at intermediate concentration. Creating a kymograph from
these condensed stream regions, we observed that there are still
multiple filaments within a diffraction-limited region. Unlike the
intermediate filament density, we observed that all the filaments
were proceeding in the same direction, creating a polar array of
filaments (Figure 4Biii). Thus, in our system, the microtubules
self-organize into nematic or polar streams as a function of the
filament density.

Actin Filaments Exhibit Isotropic and

Nematic States

Using the same time color overlays and kymographs, we
examined the direction and velocity of actin filaments (Figure 5).
As for microtubules, low actin filament densities resulted in
individual trajectory traces that correspond to the motion of
individual actin filaments (Figure 5Ai, Supplemental Movie
6). These trajectories had a low persistence length, similar
to the persistence length of actin filaments. Prior work has
demonstrated that the persistence length of gliding trajectories of
actin and microtubules are equivalent to the persistence length
of the filaments [66]. When we created kymographs from the
trajectories, we found that some filaments moved slower and had
frequent pauses (Figure 5Bi, top), likely due to inactive myosin-II

in the chamber, as described in the methods. Other trajectories
moved faster and did not pause (Figure 5Bi, bottom).

At higher actin filament densities, we again saw condensed
streams using the time-color overlay. When the concentration
of actin filaments was higher, the persistence of the trajectories
increased significantly, and the direction of the filaments became
aligned (Figure 5Aii, Supplemental Movie 7). Over time, the
filaments in the chamber became more condensed, which could
be seen in comparing color time overlays for an early movie
with one from a later movie in the same chamber. The density
of filaments increased within the streams, and streams coalesced
and became more defined (Figure 5Aii, Supplemental movie 7:
Early and Late).

Using kymographs, it was clear that the condensed streams
contained filaments moving in both directions, implying that
they were nematic in organization (Figure 5Bii). Both the early
and late movies showed nematic ordering with filaments moving
both directions within the same diffraction-limited region. The
main difference was the density of filaments. Early movies had
a fewer filaments within a diffraction-limited region, but late
time kymographs showed more filaments, again implying that
the filament density within the streams increased over time
(Figure 5Bii, Early and Late).

Actin-Microtubule Composite Active
Matter Velocity Distributions

We next combined the actin and microtubules together in the
same assay to determine the interplay between the filaments.
We performed a series of experiments with varying actin and
microtubule concentrations and assessed the state of the system
at late times (after allowing the system to evolve into steady-
state). A particularly interesting observation was that the velocity
of the actin filaments was faster at higher density (Figure 6).
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a Color Time Overlays
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FIGURE 4 | Steady states of microtubule organization as a function of increasing microtubule filament density. (A) Color time overlays where each frame of a
timeseries is overlaid as a different color, as indicated by the color scale bar. (i) Lowest concentrations of microtubules display an isotropic phase with filaments
pointing in all directions. The concentration (¢) is 0.5 uM tubulin dimers. The filament density (p) is 0.03 filaments per wm?2. The surface area fraction of filaments (9) is
0.004. The color time scale for this image is from 0 to 180s. (i) The intermediate concentration of microtubules displays a nematic phase with filaments co-aligning
locally and moving in antiparallel directions within the high density regions. The ¢ is 2.5 WM tubulin dimers. The p is 0.17 filaments per um2. The ¢ is 0.02. The color
time scale for this image is from 0 to 40s. (i) The highest concentration of microtubules displays a polar phase with flaments co-aligning globally and moving in the
same directions within the high density regions. The ¢ is 5 wM tubulin dimers. The p is 0.34 filaments per um2. The ¢ is 0.04. The color time scale for this image is
from O to 120's. (B) In order to determine the direction of the filaments within the high-density regions of the images, we created kymographs where the image along
the linear region of interest is sequentially layered for each time step. The time dimension is portrayed on the y-axis. The space dimension along the filament is
portrayed along the x-direction. (i) For the lowest density of filaments, visible tracks in the color time overlays were used to create kymographs. These tracks were
deposited by single filaments, as evidenced by the single trail of intensity in the kymographs. (i) For intermediate densities of filaments, the dense regions of the
color-time overlay were used to create kymographs. The filaments moving in the high density regions were moving in both directions, as evidenced by the diagonal
lines in both directions. (iii) For high density filaments, the high density regions of the color-time overlays were used to create the kymograph. All the filaments appear
to move in the same direction implying that the high density region has polar-aligned filaments. All scale bars in the x-direction are 5 um for all images. All scale bars in
the y-direction were 1 min in time for all kymographs.

It was difficult to track the velocity of individual filaments  that actin filaments were propelled significantly faster at the
at the highest densities within streams, but we were able to  highest actin densities when compared to actin filaments at low
track some filaments, and used those for this analysis. We  density, 0.5 unM without microtubules (Figures 2B, 6A). Using
quantified velocities for actin at 10 WM without microtubules  the KS test for significance, the probability that these velocity
or at 10 M with 5puM microtubules. Interestingly, we found  distributions were the same is less than 0.01% (p < 0.0001).
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FIGURE 5 | Steady states of actin filament organization as a function of increasing actin filament density. (A) Color time overlays where each frame of a time series is
overlaid as a different color, as indicated by the color scale bar. (i) Lowest concentrations of actin filaments display an isotropic phase with filaments pointing in all
directions. The concentration (c) is 0.5 uM actin monomers. The filament density (p) is 0.2 filaments per wm?2. The surface area fraction of filaments () is 0.0008. The
color time scale for this image is from 0 to 120s. (i) The highest concentration of actin filaments displays a nematic phase with filaments co-aligning globally and
moving in antiparallel directions throughout the space. The ¢ is 10 wM tubulin dimers. The p is 3.0 filaments per umz. The ¢ is 0.015. Filament alignment occurs
rapidly, but the local density of the aligned filaments changes over time. Early images of these samples does not show density fluctuations—only global alignment.
Later imaging of the same sample shows the accumulation of high density regions. The color time scale for these time series are from 0 to 1205s. (B) In order to
determine the direction of the filaments within the high-density regions of the images, we created kymographs where the image along the linear region of interest is
sequentially layered for each time step. The time dimension is portrayed on the y-axis. The space dimension along the filament is portrayed along the x-direction.

(i) For the lowest density of filaments, visible tracks in the color time overlays were used to create kymographs. These tracks were deposited by single filaments, as
evidenced by the single trail of intensity in the kymographs. Some filaments were observed to pause because of interactions with some dead myosins (top). When
unlabeled actin filaments were also included, all filaments were observed to move without pausing (bottom). (i) For high densities of filaments, the denser regions of
the color-time overlay were used to create kymographs. For early time movies, a single diffraction-limited region used for the kymograph still displayed filaments
moving in both directions, even though the density was not as high. For the late time movies, the regions of high density show motion in both directions and a
significantly higher number of filaments passing parallel to the diffraction-limited region. All scale bars in the x-direction are 5 um for all images. All scale bars in the
y-direction were 1 min in time for all kymographs.
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FIGURE 6 | Velocity of actin filaments increases with polymer concentration. (A) Actin velocities with crowding. (i) Probability distribution functions of the velocity of
trackable actin filaments gliding in the myosin and kinesin gliding assay at 0.5 uM without microtubules (red filled circles), 10 wM without microtubules (blue filled
circles), or 10 WM with 5 WM microtubules (green filled circles). Fits to the data are lognormal fit equation (Equation 1, Supplemental) for 0.5 wM without microtubules
(dark red line), 10 wM without microtubules (dark blue line), or 10 wM with 5 uM microtubules (dark green line). (i) Cumulative probability distribution functions of the
velocity of trackable actin filaments gliding in the myosin and kinesin gliding assay at 0.5 wM without microtubules (red filled circles), 10 uM without microtubules (blue
filled circles), or 10 uM with 5 WM microtubules (green filled circles). Fits to the data are lognormal fit equation (Equation 2, Supplemental) for 0.5 WM without
microtubules (dark red line), 10 wM without microtubules (dark blue line), or 10 WM with 5 WM microtubules (dark green line). (B) Microtubules velocities with crowding.
(i) Probability distribution functions of the velocity of trackable microtubule filaments gliding in the myosin and kinesin gliding assay at 0.5 WM without actin (red filled
squares), 5 uM without actin (blue filled squares), or 5 WM with 10 wM actin (green filled squares). Fits to the data are lognormal fit equation (Equation 1, Supplemental)
for 0.5 WM without actin (dark red line), 5 WM without actin (dark blue line), or 5 WM with 10 wM actin (dark green line). (i) Cumulative probability distribution functions of
the velocity of trackable microtubule filaments gliding in the myosin and kinesin gliding assay at 0.5 pM without actin (red filled squares), 5 wM without actin (blue filled
squares), or 5 M with 10 wM actin (green filled squares). Fits to the data are lognormal fit equation (Equation 2, Supplemental) for 0.5 wM without actin (dark red line),
5 M without actin (dark blue line), or 5 M with 10 uM actin (dark green line). (C) Median velocities from the fits to the cumulative distribution functions for actin (filled
bars) and microtubules (outlined bars). Actin data from 0.5 uM without microtubules (red filled bar), 10 wM without microtubules (blue filled bar), or 10 uM with 5 WM
microtubules (green filled bar). Microtubule data from 0.5 uM without actin (red filled bar), 5 WM without actin (blue filled bar), or 5 M with 10 wM actin (green filled
bar). Error bars represent the uncertainty of the median velocity fit parameter from Equation 2 (Supplemental). See Supplemental Information for fit equation and
Supplemental Tables 5-8 for all fit parameters with uncertainty and goodness of fits.
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This was true for both actin alone and in the presence of
microtubules.

When we quantified the velocities of microtubules at 5 M
without actin or at 5 M with 10 wM actin, we found minimal
changes to the microtubule velocity (Figures 2B, 6B). Comparing
0.5 to 5 wM microtubules, both without actin, the probability that
they were the same is 4% (KS test, p = 0.04). Comparing 0.5 M
without actin to 5uM microtubules with 10 WM actin, the
probability that they were the same is 3.5% (KS test, p = 0.035).
Although these results could be significant, more data would need
to be taken to increase the confidence in these differences. We
median velocities for the actin and microtubules show that the
velocity is strikingly increased for actin filaments compared to
microtubules (Figure 6C). Such an increase in velocity should
increase the probability of forming aligned states.

Actin-Microtubule Composite Active

Matter Phase Diagram

Using the same parameters described above for actin or
microtubules alone, we assessed if each system displayed
isotropic, nematic, or polar order in either the microtubule or
actin organizations. We created a phase diagram of the emergent
behavior we observed (Figure 7A).

In the low density regions on the phase diagram, both
microtubules and actin were isotropic, which would be expected
(Supplemental Movie 8). The density of each was too low
to have interaction among the same filaments, and the total
polymer mass was also very low. For the highest microtubule
and actin filament densities, both filaments became co-aligned
and nematic (Figure 7B, Supplemental Movies 9 and 10). At
the highest density, we observed individual, fluorescently-labeled
actin filaments, which were added at a ratio of one fluorescent
filament to 360 unlabeled filaments. The labeled actin, serving
as tracers, glided along paths of high microtubule density
(Figure 7B). The microtubule bundles were visible within the
actin channel due to imperfect dichroic glass and the high density
resulting in high signal.

At low densities of actin, we found that the presence of
the actin disrupted the microtubules’ polar order. Examining
the last column of the diagram, when no actin was present,
the microtubules exhibited polar order. When even the lowest
density of actin was introduced to the system, the microtubules
were no longer polar, but rather nematic. This implied that the
microtubule-microtubule interactions that cause polar ordering
were disrupted when actin filaments were present, implying that
the microtubules “sense” the presence of the actin filaments. This
could mean that the microtubule-microtubule interactions that
lead to polar order are sensitive to even minor disruption, yet the
nematic alignment was more robust.

Both actin and microtubules can become entrained with
the other filaments nematic order. For example, very high
concentrations of actin (10 wM) were nematic. When combined
with a low concentration (0.5 wM) of microtubules, the very few,
sparse density of microtubules were observed to co-align with the
actin filaments. They did not form dense streams of microtubules,
but rather were recruited by the nematic streams of actin and

co-aligned with them. Another example was when actin was at
5uM, it was typically isotropic. Yet, at the highest microtubule
density (5 wM), the actin became entrained in the microtubule
nematic streams (Figure 7B).

Interestingly, the entrainment and co-alignment is not
perfectly reciprocal—actin appeared to be less affected by
microtubules. There were several examples where one type
of filament was aligned, but the other stayed isotropic. For
instance, at the lowest actin concentration (0.56 M), the actin
filaments never co-aligned with microtubules, despite excellent
microtubule nematic ordering. We saw the same effect for actin
at 5 M with microtubules at 2.5 wM. Microtubules were aligned,
but actin was isotropic.

Although the actin organization was less sensitive to the
microtubule organization, there was some actin entrainment
with microtubules. Examining the 5 wM actin concentration row,
the actin alone preferred to be isotropic. Yet, at the highest
microtubule density, the actin did co-align with the microtubules
to participate in the nematic organization. These results implied
that the filaments could sense each other to cause co-alignment,
but only when they were at the highest concentrations.

DISCUSSION

Here, we present a proof of principle for a composite active
matter system composed of actin-microtubule filament gliding
assay. We found that the presence of other motors on the
surface that could not engage the filament of interest had
no effect on the gliding ability of the filaments, making the
system potentially useful for future studies (Figure 2). Further,
we found a composite buffer condition that allows both actin
and microtubules to glide simultaneously and at about the same
velocity. Excitingly, we also found that methylcellulose has the
ability to enable microtubules to interact to drive alignment
into nematic and polar order (Figure 3). A recent publication
previously showed that microtubules became nematic with
higher methylcellulose but did not report polar order, as we
observe here [67]. During the review of this manuscript, another
publication reported that methylcellulose was able to induce
large-scale chiral vortices, which would imply polar order of
the filaments. These vortices were mostly observed around
defects within the chamber, such as air bubbles [68]. These
studies appear to be seeing a similar phenomenon as we
present for microtubules, although they did not characterize
their directionality. We found that the methylcellulose was not
simply able to align filaments, but cause polar ordering, similar
to that observed with actin in the absence of crowders previously
[17]. The effect of methylcellulose on microtubule active matter
offers an opportunity for control and tuneability not previously
controllable for this system.

One of the results of our experiments is the identification
of the concentration of polymer at which the system begins
to exhibit orientationally ordered streams. We find that this
transition occurs between concentrations of 0.5 and 2.5 uM for
microtubules and 5 and 10 M for actin. These concentrations
correspond to filament densities of 0.03-0.17 filaments/pm?
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A Phase Diagram for Actin-Microtubule Composite Active Matter
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FIGURE 7 | State diagram for actin and microtubule composite gliding assays. (A) The actin filaments (red markers) were used at five different concentrations: 0.5, 5,

6.7, 8.8, and 10 uM corresponding to the following filament densities (filaments per um2): 0.2, 1.5, 2.0, 2.7, 3.0 and the following dimensionless area fractions:

0.0008, 0.008, 0.010, 0.013, 0.015. The microtubules (blue markers) where used at three different concentrations: 0.5, 2.5, and 5 uM corresponding to the following
(Continued)
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given under the images, approximately 3 s apart. Scale bar is 10 pm.

FIGURE 7 | filament densities (ﬁlaments/qu): 0.03, 0.17, 0.34 and the following dimensionless area fractions: 0.004, 0.02, 0.04. For each concentration pair
observed, we used the definitions of isotropic, nematic, and polar described in Figures 4, 5 to describe the organization of actin filaments or microtubules. Isotropic
organizations are denoted with a filled circle. Polar organizations are denoted with a single-headed arrow. Nematic organizations are denoted with a double headed
arrow. Some organizational states were difficult to determine or showed different organizations in different chambers. These were mixed between isotropic and
nematic and are denoted with a double headed wide arrow. For each location on the state diagram, 2-5 different chambers were made and 4-9 different 2-5min
movies were recorded over 1h, as described. (B) Example alignment of actin and microtubules. () Images from a timeseries of actin gliding at 10 uM in the presence
of (i) 5 .M microtubules. (i) Images are overlaid with actin in red and microtubules in cyan. Short actin filaments that glide along microtubule bundles are highlighted
with an arrow head. Microtubule channel can be seen through the actin channel due to high signal and imperfect dichroic glass. Time between frames in seconds is

for microtubules and 1.5-3 filaments/jum? for actin. Using
this transition density as a measure of the isotropic-nematic
transition point, we find that it is indeed lower than the
Onsager estimate for long thin rods of the corresponding
lengths (pc = 37m/2LE) [69] which would be 4.7 filaments/jum?
or 155uM for actin and 0.18 filaments/um? or 2.7 uM for
microtubules if we use the median length of the filaments to make
the estimates. Our findings are consistent with theoretical results
on self-propelled rod models [29] and simulations of filaments
on motility assays [70], both of which predict an enhancement
of nematic order and hence a lowering of the transition density
due to the self-propulsion of the filaments. In order to make
a quantitative comparison of experiments and the theory as
presented in [29], future work needs to be performed at different
filament lengths and different self-propulsion speeds.

Another interesting, yet unexplained result is that the actin
filaments were observed to glide faster in the presence of
higher densities (Figure 6). The effect, although present, is less
pronounced and therefore reported with lower confidence for
microtubules. It is not clear why the filaments would be able to
glide faster at high densities. One possibility is the saturation of
inactive myosins on the surface at high density. Atlow density, we
often observed filaments moored at locations of inactive myosin.
It is possible that at high density, all such locations were blocked,
and the filaments could move faster. Another possibility is that
the actin filaments were straighter and effectively stiffer when
they are at higher density. Straight actin might enhance the ATP
turn-over through increasing the rate of ADP release, increasing
the efficiency of mechanochemical coupling in the actin-myosin
system. Future studies could probe the mechanism of this
phenomenon by reducing the motor number, but maintaining
high density of actin filaments to see if velocity stays high when
the filament trajectories are straighter.

Prior simulations use the motor density on the coverslip
as a measure of the self-propulsion or activity in the system
[70]. In our assays, we used 58nM kinesin-1 and 530 nM
myosin-II non-specifically adhered to the surface. We estimated
the motor density in two ways. To find the maximal motor
density, we assumed all the motors inserted in the chamber
adhered to the available cover glass on the top and bottom. This
estimate resulted in 1,600 kinesin/pm? and 15,000 myosin/ pwm?2.
These estimates are still less than a saturating level of ~60,000
motors/pm?, assuming the motors each take up 16 nm? on the
glass surface. At the lower end, we assume that the concentration
of motors in the chamber was constant, and estimated the surface
density from the given volume density of motors. Using this

second approximation scheme, we estimate the motor density
to be 11 kinesin/wm? and 47 myosin/pm?. These estimates are
consistent with values reported in prior works [17, 46, 71]. At
these motor densities, using the width of the filament as the
motor capture radius, the simulations predict that the transition
should occur at 5 x 107> microtubules/um? and 0.05 actin
filaments/pm? [70], which is much lower than the values we find
in our experiments. There are many possible reasons why these
predicted transition locations do not match our results, including
our estimates of motors on the surface, estimates of the radius
of capture for the filaments, and the length distributions of the
filaments and their inherent semi-flexibility. Future experiments
will aim to quantify the origins of these discrepancies.

A second main result of our experiments is a first look
into the emergent phenomenology when self-propelled filaments
of different lengths and stiffnesses interact with each other.
Microtubules appear more susceptible to entrainment by actin in
this system, but actin filaments are not as affected by microtubule
polymer. There are a number of locations on the state diagram
where the total polymer mass (microtubules and actin combined)
should be more than enough to cause actin filament alignment,
yet the actin does not align. For instance, actin alone shows
nematic ordering when the area fraction is above 0.015. Yet,
when the total polymer mass is above 0.015, such as when the
microtubules are at 2.5 LM, the actin still does not align. Thus,
the total polymer mass is not a good order parameter for actin
ordering. On the other hand, the total polymer area fraction is a
good order parameter for microtubule ordering into the nematic
phase. In fact, whenever the total polymer mass is above 0.02,
microtubules appear to be ordered in the system—whether that
density to due to actin or microtubules. One plausible reason
for the different behavior of actin and microtubules could be
their different stiffness, which will significantly change their
interparticle interactions. Future experiments will explore this
hypothesis by changing the length of the filaments.

Understanding the physical mechanisms that lead to the
phenomenology observed in the model composite active matter
system requires an exploration of the interplay between self-
propulsion speed, length and stiffness of a mixture of two species
of self-propelled rods. While the parameter space of different
speeds has been explored in the literature, and shown to produce
unexpected segregation and density fluctuations, the influence of
relative lengths of the active nematogen and their stiffness is as
yet unexplored territory. Given the inherently non-equilibrium
nature of the system, we have no a priori way of predicting the
consequence of these properties on the emergent behavior. We
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expect that the development of this model experimental system
can spur theoretical investigations into these questions in the
context of composite active materials.

Given the importance of the microtubule and actin
cytoskeletal networks in live cells, it is interesting to speculate on
how the work presented here might inform on these complex
processes. We found that the actin appeared to be less influenced
by the microtubules. Although that could mean that the actin
ignores the microtubule cytoskeleton in the cell. The experiments
presented here only took advantage of steric interactions, likely
enhanced by the crowding agents. Within the cell, there are
likely a number of chemical interactions between these filaments.
Indeed, a number of recent in vitro experiments have shown that
microtubule or actin associated proteins can actually bind to the
other cytoskeletal filament as well [51, 52]. These papers have
demonstrated that actin and microtubule filaments can interact
during polymerization at dilute concentrations [51, 52]. It would
be an interesting further step to repeat these experiments in
dense systems with many more filaments of each type to observe
the large-scale co-polymerization and co-organization. We are
currently working on future directions to add microtubule-actin
interacting proteins into our gliding assays, described here.

In summary, we have described first experiments in a
composite active matter system of self propelled filaments.
The phase space available for exploration in this system
includes particle properties (length of filaments, stiffness),
activity (modifying motor concentrations), interactions
(altered crowders, ionic strength buffers, and crosslinkers),
and concentration of the different component particles. This
system can serve as a test bed for theoretical ideas that have been
proposed in the context of aligning self-propelled active fluids
and serve to play the same role as Janus colloids have played for
non-aligning self propelled particles.
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