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Abstract 

The cytoskeleton of biological cells relies on a diverse population of motors, filaments, and 

binding proteins acting in concert to enable non-equilibrium processes ranging from mitosis to 

chemotaxis. The cytoskeleton’s versatile reconfigurability, programmed by interactions between 

its constituents, make it a foundational active matter platform. However, current active matter 

endeavors are limited largely to single force-generating components acting on a single substrate – 

far from the composite cytoskeleton in live cells. Here, we engineer actin-microtubule composites, 

driven by kinesin and myosin motors and tuned by crosslinkers, that restructure into diverse 

morphologies from interpenetrating filamentous networks to de-mixed amorphous clusters. Our 

Fourier analyses reveal that kinesin and myosin compete to delay kinesin-driven restructuring and 

suppress de-mixing and flow, while crosslinking accelerates reorganization and promotes actin-

microtubule correlations. The phase space of non-equilibrium dynamics falls into three broad 

classes – slow reconfiguration, fast advective flow, and multi-mode ballistic dynamics – with 

structure-dynamics relations described by the relative contributions of elastic and dissipative 

responses to motor-generated forces. 

  

Introduction 

The cytoskeleton is a dynamic, non-equilibrium material comprising of protein filaments, 

including actin, microtubules and intermediate filaments, as well as force-generating motor 

proteins, such as myosins and kinesins, that actively push and pull on the protein filaments1–8. 

Crosslinking proteins also connect and bundle filaments as needed for cellular processes9–12. This 

complex composite continuously restructures and reconfigures itself in response to the demands 

of the cell, to enable diverse processes from cytokinesis to mechano-sensing3–5,7,8,13–21. In vitro 

systems of reconstituted cytoskeletal proteins, which display rich and tunable dynamics, are also 

intensely studied as model active matter platforms to shed light on the non-equilibrium physics 

underlying force-generating, reconfigurable systems7,12,19,22–40. 

Interacting networks of semiflexible actin filaments and rigid microtubules provide tensile and 

compressive strength to the cytoskeleton while allowing for cell mobility, key to processes such 

as division and chemotaxis15,16,41–45. Further, recent studies have shown that composites of co-

entangled and crosslinked actin and microtubules exhibit emergent mechanical properties that are 
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not a simple sum of the single component systems46–48. For example, composites with comparable 

concentrations of actin and microtubules display enhanced filament mobility compared to single-

component systems while at the same time exhibiting increased stiffness46. Further, composites 

display a non-monotonic dependence of elasticity on actin crosslinking not seen in the absence of 

microtubules47. 

More recently, myosin II minifilaments have been incorporated into co-entangled actin-

microtubule composites, showing that synergistic interactions between actin and microtubules 

prevent disordered flow and actin network rupturing that is often seen in actomyosin networks 

without crosslinkers26–28. These studies have also shown that composites with comparable 

concentrations of actin and microtubules display desirable emergent properties including enhanced 

mechanical strength27, coordinated motion of actin and microtubules, sustained ballistic 

contraction and mesoscale restructuring26,28 - all in the absence of crosslinking proteins to 

chemically connect the filaments. 

Microtubule-based active matter systems have also been engineered using clusters of kinesin 

motors that can crosslink and pull on bundles of microtubules to create active 

nematics23,24,30,31,34,35,49–55. In these systems, kinesin clusters generate long lasting turbulent flows 

by cyclically extending, buckling, fracturing, and healing microtubule bundles49. More recently, 

entangled actin networks have been incorporated into these active MT fluids, resulting in 

turbulent-like flow, bulk contraction or formation of layered asters29.  

The distinct dynamics and structures that kinesin-driven and myosin-driven systems display begs 

the question as to how these distinct active components cooperate or compete with one another to 

control non-equilibrium cellular processes. Nevertheless, current state-of-the-art active matter 

designs rely on a single force-generating component. While composite active matter systems are 

beginning to emerge as a means to introduce more control and tunability over single-substrate 

systems26–29,56, the dynamics that arise from two active components that act on distinct constituents 

of a composite system represent a new paradigm in active matter. Once achieving this advance, 

one can also determine how the connectivity of the active and passive substrates can be used to 

tune the active dynamics and reorganization. Beyond the relevance to the cytoskeleton, answering 

these key questions will elucidate general design principles for programmable materials with non-

equilibrium properties, force-generation, and reconfigurability; and determine how to enhance 

programmability and expand the phase space of dynamics and structures by altering the active and 

static nature of crosslinkers and the substrates on which they act. 

Here, we engineer co-entangled composites of microtubules and actin filaments that undergo a 

rich combination of advective flow, contraction, and multi-mode restructuring driven by kinesin 

and myosin motors. These dynamics are coupled to distinct time-evolving structures that range 

from interpenetrating scaffolds of actin and microtubules to microscale phase-separated 

amorphous clusters. We couple differential dynamic microscopy (DDM) with spatial image 

autocorrelation (SIA) analysis and particle image velocimetry (PIV) to discover that competition 

between kinesin-microtubule activity and actomyosin activity delays the onset of rapid 

restructuring and enables the sustainability of a percolated double network. We further show that 

crosslinking of either actin or microtubules accelerates the time-evolution of active dynamics and 

enhances actin-microtubule interactions. Despite these complexities, we find that we can divide 

the broad phase space of active dynamics and reorganization into three general Classes defined by 

their distinct dynamics-structure relationships. 
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Results and Discussion 

Active cytoskeleton composite design and formulation space. We engineer composites of co-

entangled networks of microtubules and actin46 and incorporate kinesin clusters that can crosslink 

and push and pull on pairs of microtubules to generate force and motion49, much in the same way 

myosin II minifilaments crosslink and pull on actin filaments57 (Fig 1A). We investigate the effect 

of static crosslinking of the active (microtubules) or static (actin) networks using biotin-

NeutrAvidin crosslinking at crosslinker:protein molar ratios 𝑅 that are high enough to induce 

measurable changes in the viscoelastic properties compared to unlinked networks, but low enough 

to prevent filament bundling47. More importantly, we incorporate a second active component, 

myosin II minifilaments, to generate force and motion of the actin network at the same time as the 

kinesin motors act on the microtubule network (Fig 1A,B).  We note that for all composite 

formulations we keep the respective concentrations of actin, tubulin, and kinesin fixed, and simply 

include or exclude myosin motors, actin crosslinkers, and/or microtubule crosslinkers. We show 

that these very subtle changes in connectivity and actomyosin activity lead to dramatic changes in 

the active restructuring, exhibiting emergent dynamics and a broad programmable phase space of 

non-equilibrium properties. 

 

Figure 1. Engineering and characterizing active cytoskeleton composites with varying force-

generating components and connectivity. A. We co-polymerize actin monomers (2.32 µM) with tubulin 

dimers (3.48 µM) to form co-entangled composite networks of actin filaments (green) and microtubules 

(red). Static crosslinking is achieved using NeutrAvidin to link biotinylated actin filaments (Actin XL) or 

microtubules (MT XL). The crosslinker to protein molar ratio 𝑅 is fixed at 𝑅𝐴 = 0.02 for actin and 𝑅𝑀𝑇  = 

0.005 for microtubules to achieve similar distances 𝑑 between crosslinks along the filaments48. We 

incorporate kinesin clusters (orange) and myosin-II minifilaments (purple) to generate forces in the 

composites and drive them out of steady-state. B. Cartoon of composite formulation space. We incorporate 

0.35 µM kinesin motors (K) into composites with no static crosslinkers (No XL, dark blue box), actin-actin 

crosslinks (Actin XL, dark green box) and microtubule-microtubule crosslinks (MT XL, dark red box). For 

each kinesin-driven composite, we also examine the effect of adding 0.47 µM myosin motors (K+M) into 

composites with no static crosslinkers (No XL, light blue box), actin-actin crosslinks (Actin XL, light green 
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box) and microtubule-microtubule crosslinks (MT XL, light red box). C. We use a Nikon A1R confocal 

microscope to acquire two-color time-series of the actin (green, AlexaFluor488-labeled) and microtubules 

(red, rhodamine-labeled) in the composites to capture the time-evolving reconfiguration and dynamics. 

Composite images, each from a different time-series, show complex formulation-dependent restructuring 

over time (listed in mins). Scale bar is 50 µm and applies to all images. Outline colors match configurations 

shown in B. D. Separate actin and microtubule fluorescence channels show varied structures with both 

actin-MT co-localization and micro-phase separation across the formulation space.  

 

Motor-driven reconfiguration is tuned by crosslinking. As shown in Fig 1C, all composites begin 

in similar structural states with interpenetrating networks of actin and microtubules uniformly 

distributed throughout the field of view. However, the composites actively rearrange into distinct 

states dictated by the crosslinking motif on a timescale of minutes. Kinesin-driven composites 

without static crosslinkers form loosely connected amorphous clusters that are MT-rich. Actin co-

localizes in the centers of these aggregates but over time they are squeezed out of the MT-rich 

regions into the surrounding space as the MT aggregates continue to contract and disconnect from 

one another (Fig 1C, dark blue boxes).  

Introducing actin-actin crosslinking hinders this microscale actin-MT separation and instead the 

MT-rich pockets are connected via long strands of actin. Interestingly, actin crosslinking enables 

slow uptake of actin into the MT-rich regions rather than expulsion, such that the composite 

becomes a connected network of clusters of co-localized actin and microtubules (Fig 1C, dark 

green boxes). Microtubule crosslinking leads to similar amorphous clustering of MTs as in the 

case without crosslinking, but in this case, the MT-rich regions coalesce over time, resulting in 

larger scale phase separation of actin and MTs (Fig 1C, dark red boxes).  

Given the complex structural differences that static crosslinking confers in kinesin-driven actin-

MT composites, we sought to determine the effect of a second independently tunable active 

component, myosin II, that acts on actin filaments rather than microtubules. As shown in Figure 

1C, the introduction of myosin arrests the demixing caused by kinesin alone, and causes the initial 

actin and microtubule networks to be even more evenly distributed and interpenetrating than the 

starting state of the composites without myosin. Further, in all cases, myosin surprisingly reduces 

the degree of restructuring rather than enhancing it (Fig 1C, light shaded boxes). Without static 

crosslinkers, the composites show little rearrangement over the course of a few hours, as seen in 

previous experiments on myosin-driven actin-MT composites26–28. Crosslinking of either the actin 

or microtubules leads to more network restructuring and increased co-localization of actin and 

microtubules compared to kinesin alone. Specifically, when microtubules are crosslinked, there is 

significant overlap of the networks and reorganization into web-like networks of fibers. 

To quantify the reorganization shown in Fig 1, we compute the spatial image autocorrelation (SIA) 

of the actin and microtubule channels of images taken at different times over the course of activity 

(Fig 2). The autocorrelation 𝑔(𝑟) determines the degree to which the intensity at one location in 

the image correlates with the intensity of the surrounding points at varying distances 𝑟. The more 

quickly 𝑔(𝑟) decays, the smaller the structural features of the network.  

Figure 2A shows autocorrelation curves for the actin and microtubule channels of the first and last 

frame of three representative ~6 min videos (SI Movies 1-3) that highlight the distinct network 

reconfigurability we observe. We divide these data into three broad classes. ‘Class 1’ shows 

limited spatial correlations that quickly decay over short length scales (<10 µm, Fig 2A, top panel). 
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‘Class 2’ shows stronger short-range correlations and a much weaker decay with length, persisting 

across the entire field of view (Fig 2A, middle panel). ‘Class 3’ data exhibit the strongest short-

range correlations and a decay that is in between that of Class 1 and Class 3 (Fig 2A, bottom panel).  

 

 

Figure 2. Spatial image autocorrelation analysis reveals distinct classes and reconfigurability of 

kinesin-driven composites. A. Radially averaged autocorrelation functions 𝑔(𝑟) vs separation distance 𝑟 

computed for microtubule (closed symbols) and actin (open symbols) channels of the first (𝑡𝑖 , squares) and 

last (𝑡𝑓 , triangles) frames of three ~6-min videos (SI Movies S1-S3) representative of the three broad 

Classes (1-3) we observe across the composite formulation space. Class 1 (purple, top) has limited spatial 

correlations that decay over short ranges, Class 2 (orange, middle) exhibits broad mesoscale correlations 

with minimal decay, and Class 3 (magenta, bottom) displays the highest small-scale correlations that decay 

on length scales between that of Class 1 and 2. B. Structural correlation lengths 𝜉, determined from fits of 

each 𝑔(𝑟) curve (172 in total) to 𝑔(𝑟) = 𝑔(0)𝑒−𝑟/𝜉 versus time, for actin (open, A) and microtubules 

(closed, MT) in composites with no crosslinking (blue, top), actin crosslinking (green, middle) and 

microtubule crosslinking (red, bottom) and driven by kinesin (K, dark shades) or both kinesin and myosin 

(K+M, light shades), where 𝑡=0 is the time at which kinesin is added to the composites. Each data point is 

from a different video and is an average of the correlation lengths determined for the first and last frame of 

that video. The data points that are computed from the curves shown in A are circled in the corresponding 

color in B. In general, 𝜉 increases in time for both actin and microtubule networks in all composites systems, 

and composites driven solely by kinesin have greater correlation lengths than those in which myosin is also 

present.  
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By fitting each 𝑔(𝑟) curve (computed separately for actin and microtubules at 12-16 different 

time-points for each of the 6 formulations) to an exponential function 𝑔(𝑟) = 𝑔(0)𝑒−𝑟/𝜉 we 

determine a corresponding characteristic network correlation length 𝜉 that is a measure of the 

average feature size. As shown in Figure 2B, 𝜉 increases substantially over time for all composites, 

with the largest increase for composites without crosslinkers (Fig 2B, top panel) and smallest for 

microtubule-crosslinked composites (Fig 2B, bottom panel). This result corroborates the Fig 1C 

images which show increased heterogeneity and clustering over time that is strongest without 

crosslinking and weakest with MT crosslinking. Further, the presence of myosin generally results 

in smaller 𝜉 values compared to kinesin-only composites, with this difference being largest without 

crosslinkers and smallest with microtubule crosslinking, in line with the more connected mesh-

like networks that myosin confers compared to more clustering and separation without myosin.  

Notably, without crosslinkers, the MT correlation length, 𝜉𝑀𝑇 , increases monotonically over ~20-

fold, while the actin network correlation length, 𝜉𝐴, exhibits a smaller non-monotonic increase. 

This result corroborates the qualitative description of MTs progressively moving from an 

interconnected mesh (small 𝜉𝑀𝑇) to a distribution of amorphous clusters that grow in size over 

time (increasing 𝜉𝑀𝑇) and initially take up actin filaments (increasing 𝜉𝐴) after which actin 

filaments are squeezed out into the surrounding environment and form a connected mesh (reducing 

𝜉𝐴). Actin crosslinking prevents this decoupling by allowing for sustained interpenetration of actin 

and microtubule networks. 

 

Different Classes exhibit distinct directionality, spatial heterogeneity, and time-evolution of flow 

fields. This complex reconfiguration phase space (Figs 1,2) motivated us to investigate how the 

actin and microtubules in the composites move from state to state over time. We first evaluate the 

actin and microtubule velocity flow fields by performing particle image velocimetry (PIV) on the 

example Class 1, 2 and 3 videos we analyzed in Fig 2A (Fig 3A). The vector arrows show the 

velocity direction and absolute magnitude while the underlying grayscale map depicts the 

normalized speed distribution. Class 1 flow fields for both actin and microtubules show no 

preferred direction, quantified by the broad histogram of angular orientations (Fig 3B, top panel), 

and minimal spatial correlation of magnitudes, depicted by the spatially heterogeneous pattern of 

the grayscale map (Fig 3A, top panel).  

Class 2 PIV fields show starkly different dynamics with all velocity vectors pointing in nearly the 

same direction with spatially coordinated magnitudes (Fig 3A, Class 2). The standard deviations 

of orientations 𝜎𝑖 and 𝜎𝑓 are ~40x smaller than those for Class 1 (Fig 3B), and the direction (i.e., 

the position of the distribution peak) and spread (i.e., 𝜎𝑖 and 𝜎𝑓) show negligible time dependence, 

as seen by the overlapping distributions (Fig 3B, Class 2).  

Interestingly, the Class 3 system displays features of both Class 1 and Class 2 depending on the 

time. Initially, there is less spatial coordination of speeds, shown by the grayscale maps in the 𝑡𝑖 

images (Fig 3A, Class 3), similar to Class 1, albeit with a smaller 𝜎𝑖 (Fig 3B, Class 3, 𝑡𝑖). However, 

at 𝑡𝑓 the direction of motion is nearly orthogonal to the starting direction with a tighter and more 

spatially coordinated speed distribution, similar to Class 2 (Fig 3B, Class 3, 𝑡𝑓).  
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Figure 3. Different classes of active composites exhibit spatiotemporally-distinct flow fields. A. 

Particle Image Velocimetry (PIV) showing flow fields for the first (𝑡𝑖) and last (𝑡𝑓) frames of the videos 

analyzed in Figure 2 that represent Class 1 (top, purple), Class 2 (middle, orange), and Class 3 (bottom, 

magenta). Velocity flow fields for microtubule (top) and actin (bottom) channels are shown for each Class 

with arrow colors corresponding to the universal speed scale at the bottom, and the grayscale colormap 

showing the spatial distribution of speeds, normalized separately for each flow field (scale shown at 

bottom). Scale bar in top panel is 50 m and applies to all images. B. Distributions of angles (in radians) 

of velocity vectors shown in A with corresponding standard deviations 𝜎𝑖 and 𝜎𝑓 listed. C. Temporal color 

maps showing the frame-to-frame position of each pixel relative to its starting point for the videos analyzed 

in A and B. Class 1 maps shows small-scale random motion; Class 2 maps depict fast motion that is largely 

unidirectional across the entire field of view for the duration of the video; Class 3 maps reveal motion that 

has features of both Class 1 and 2. Temporal color maps for 3 more representative videos for each class are 

shown in SI Fig S1. 
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For each movie, we create a temporal color map that shows the position of each pixel relative to 

its starting point in each color-coded subsequent frame (Fig 3C, SI Fig S1). Class 1 color maps 

show small-scale motion with uncorrelated directionality. Class 2 shows fast spatially coordinated 

motion that is nearly unidirectional over the course of the video. Class 3 color maps exhibit both 

Class 1 small-scale restructuring and Class 2 flow indicated by the swirling patterns and large 

regions of similar color. 

 

Actin and microtubules exhibit coordinated ballistic motion with a distribution of speeds and 

multi-mode dynamics. To fully characterize the type and time-dependence of the motion shown 

in Figure 3 and its dependence on composite formulation, we perform differential dynamic 

microscopy (DDM) on the same 43 time-series that we analyze using SIA. As described in 

Methods, DDM analyzes differences of images separated by varying lag times Δ𝑡 in Fourier space 

to compute image structure functions 𝐷(𝑞, Δ𝑡) for different wavevectors 𝑞 which show how 

quickly density fluctuations become decorrelated for a given spatial scale (i.e., wave vector 𝑞) (Fig 

4A) and the corresponding functional form of the decorrelation. Often, the image structure function 

𝐷(𝑞, Δ𝑡) is fit to an exponential function to determine a characteristic decay time, 𝜏, of density 

fluctuations for each accessible length scale 2𝜋 𝑞⁄ . Figure 4A shows sample 𝐷(𝑞, Δ𝑡) curves for a 

specific 𝑞 value for the actin and microtubule channels of the representative Class 1, 2, and 3 

videos analyzed in Figure 3. While Class 1 curves show simple slow rise to plateau at large lag 

times (Fig 4A, top panel), Class 2 curves exhibit oscillations in the decorrelation plateau (Fig 4A, 

middle panel), and Class 3 curves reveal two distinct plateaus that occur at well-separated lag times 

(Fig 4A, bottom panel). These non-trivial functional forms cannot be accurately described by 

exponential functions typically used in DDM26,28,58,59, so we instead use a function that assumes 

Schulz distributions of velocities, as has been used in other ballistic biological systems such as 

swimming E. coli60,61 (see Methods). This function captures the Class 2 oscillatory plateaus for 

fast dynamics, and a sum of two Schulz velocity distributions accurately captures the two-plateau 

Class 3 behavior. 

From the 𝐷(𝑞, Δ𝑡) fits, we extract the decay times, 𝜏(𝑞),  which exhibit a power-law dependence 

on the wavevector 𝑞 used to further quantify the type and rate of motion (Fig 4B). Systems that 

undergo ballistic motion, as previously reported for myosin-driven cytoskeleton composites26,28, 

exhibit the scaling 𝜏 ~ (𝑣𝑞)−1 where 𝑣 is the average velocity. As shown, despite the varied 

functional forms of 𝐷(𝑞, Δ𝑡), all Classes exhibit ballistic scaling across all measured wave vectors 

(Fig 4B). Class 3 curves have two distinct 𝜏(𝑞) curves with corresponding speeds that differ by a 

factor of ~4. The ‘fast’ and ‘slow’ Class 3 speeds are comparable to those measured for the Class 

2 and Class 1 examples, respectively, indicating that Class 3 composites undergo slow 

restructuring (Class 1) and coordinated flow (Class 2). We note that while Class 1 exhibits slow 

motion that is spatially decorrelated, the motion at any given point in the field of view is ballistic 

rather than diffusive, as previously reported for myosin-driven composites26. It is the directionality 

that is spatially decorrelated. 

Corresponding kymographs, performed along the 𝑥 and 𝑦 directions of each video analyzed in 

Figure 4A,B, depict these multi-mode dynamics and their associated directionality (Fig 4C). The 

different colors indicate directionality (+𝑥/+𝑦, −𝑥/−𝑦, or no motion) and the steepness of the 

lines correlate with the speed. Class 1 composites display minimal motion that is similar in both 

directions, as shown by largely horizontal streaks of all colors. Class 2 composites exhibit clear 

directional dependence with rapid large-scale +𝑦 motion (steep magenta streaks in the 𝑦-axis 
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panels) while there is similar +𝑥 and −𝑥 motion (opposing shallow magenta and green streaks in 

the 𝑥-axis panels). Class 3 kymographs display features from both Class 1 and 2, with directed 

Class 3-type motion (steeper streaks) more apparent at later times, as also seen in PIV (Fig 3A). 

In the following sections, we use the distinct 𝐷(𝑞, Δ𝑡) characteristics described above to correlate 

Class with composite formulation and time. Namely, Class 1 is defined by a 𝐷(𝑞, Δ𝑡) curve that 

exhibits a single steady high-Δ𝑡 plateau, Class 2 displays oscillations in the 𝐷(𝑞, Δ𝑡) plateau, and 

Class 3 has two distinct plateaus (Fig 4A). 

 

 

 

Figure 4. Differential dynamic microscopy and kymographs characterize the multi-mode ballistic 

dynamics the different Classes exhibit. A. Representative DDM image structure functions 𝐷(𝑞, Δ𝑡) 

versus lag time Δ𝑡 computed for microtubule (closed symbols) and actin (open symbols) channels analyzed 

in Fig 2A and 3 at a wavevector 𝑞=1.33µm-1 with corresponding fits to functions described in Methods. 

Class 1 curves (top) exhibit slow decay to a decorrelation plateau; Class 2 curves (middle) reach plateaus 

at much smaller Δ𝑡 with apparent oscillations; Class 3 curves (bottom) display two distinct correlation 

plateaus that occur at lag times in between those of Class 1 and 2. B. Corresponding decay times 𝜏(𝑞) 

computed from 𝐷(𝑞, Δ𝑡) fits, which universally follow 𝜏(𝑞) = (𝑣𝑞)−1 scaling, indicative of ballistic 

motion with speed 𝑣. Speeds for actin (𝑣𝐴) and microtubules (𝑣𝑀𝑇) determined from each 𝜏(𝑞) fit are listed. 

C. MT and actin kymographs computed for a horizontal (𝑥, top) and vertical (𝑦, bottom) line spanning the 

field of view for the duration of each video. The scale bar shown is 50 m and corresponds to the 𝑦-axis 

while the 𝑥-axis shows time. Color coding (red, green, blue) corresponds to directionality (+𝑥/+𝑦, −𝑥/−𝑦, 

no 𝑥/𝑦 motion) as indicated below the kymographs. Steeper slopes correspond to faster motion. 
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Competition between kinesin and myosin delays the onset of kinesin-driven acceleratory 

dynamics and suppresses multi-mode behavior. Now that we have identified quantitative metrics 

to classify different Classes of network dynamics, we can use these metrics to determine how the 

dynamics depend on composite formulation and activity time. First, we use DDM to evaluate the 

actin and microtubule velocities determined from the corresponding 𝜏(𝑞) for each time-series (5-

13 per formulation) for each of the six composite formulations. Figure 5A shows time-varying 

effects of crosslinking (different panels) and motors (dark vs light shades in each panel), with 

velocities spanning over three orders of magnitude. Interestingly, actin and microtubule velocities 

are well-correlated (Fig 5A, comparing open and closed symbols) across all composites and times, 

despite the varying degrees to which we observe them colocalize or de-mix (Fig 1D, 2). This results 

agrees with the data in Figures 3 and 4, as well as recent work on myosin-driven composites26,28.  

We also find that actin and microtubules in all composites accelerate and reach a maximum 

velocity 𝑣𝑚𝑎𝑥 (dashed circles in Fig 5A), after which the velocity decreases. By extracting the 

maximum velocity and the time at which 𝑣𝑚𝑎𝑥 is reached, 𝑡(𝑣𝑚𝑎𝑥), we observe distinct differences 

depending on the crosslinking scheme and the active motors employed (Fig 5B), which we 

describe below. By assigning each data point to a specific Class based on its 𝐷(𝑞, Δ𝑡) 

characteristics, we also correlate the measured speeds with Class (Fig 5D). As shown in Figure 

5C, the average Class 1 speed (�̅�1 ≃ 0.15 µm/s) is an order of magnitude slower than that of Class 

2 (�̅�2 ≃ 1.8 µm/s) and the average fast and slow speeds for Class 3 are comparable to those of 

Class 1 and 2, respectively (�̅�3,𝑠𝑙𝑜𝑤 ≃ 0.17 µm/s, �̅�3,𝑓𝑎𝑠𝑡 ≃ 1.7 µm/s). 

For the uncrosslinked composite with kinesin motors (no myosin) the velocities of both actin and 

microtubules increase ~20-fold in the first ~20 mins, from 𝑣𝑖 ≃ 0.3 µm/s to 𝑣𝑚𝑎𝑥 ≃ 7 µm/s (Fig 

5A, top panel). Further, a second dynamic mode with a slower speed 𝑣𝑠𝑙𝑜𝑤  emerges at 12 mins 

(blue stars, Fig 5A), with a magnitude similar to 𝑣𝑖, while the corresponding fast speed at this time 

is close to 𝑣𝑚𝑎𝑥 (𝑣𝑓𝑎𝑠𝑡  ≃ 3 µm/s). Following this time-point the slow mode (𝑣𝑠𝑙𝑜𝑤) is no longer 

detectable and 𝑣𝑓𝑎𝑠𝑡  first increases to 𝑣𝑚𝑎𝑥 then decreases. This result suggests that the initial 

motion (i.e., 𝑣𝑖) is due to slow restructuring (𝑣𝑖 ≃ 𝑣𝑠𝑙𝑜𝑤) reminiscent of Class 1 behavior, followed 

by a period of multi-mode Class 3 dynamics (i.e., both restructuring with 𝑣𝑠𝑙𝑜𝑤 and flow with 

𝑣𝑓𝑎𝑠𝑡), after which Class 2 fast directed flow takes over (𝑣 ≃ 𝑣𝑚𝑎𝑥). Crosslinking of either actin 

or microtubules has similar effects on the magnitude and time-evolution of the speed of the 

composites. In both cases, 𝑣𝑚𝑎𝑥 and 𝑡(𝑣𝑚𝑎𝑥) are reduced, with MT crosslinking having a more 

pronounced effect than actin crosslinking (Fig 5B).  

Further, in both crosslinking cases, both a fast and slow speed are present at the first time-point 

(𝑡 = 8 min), but the slow mode (red and green stars, Fig 5A) is no longer detectable after this point 

for MT crosslinking. This effect likely arises from the reduced degrees of freedom and enhanced 

connectivity that crosslinking provides, which facilitates coordinated mesoscale motion (Class 2 

fast speeds) and suppresses uncorrelated microscale restructuring (Class 1 slow speeds). 

Microtubule crosslinking has a more apparent effect as it is the substrate on which kinesin acts.  

Introducing myosin substantially delays the onset of acceleratory dynamics and increases 𝑡(𝑣𝑚𝑎𝑥) 

for all composites, while 𝑣𝑚𝑎𝑥 is similar with and without myosin (Fig 5A,B). Further, for the 

unlinked composites the presence of myosin leads to Class 3 multi-mode behavior occurring in the 

first two time-points (light blue stars, Fig 5A), but the corresponding 𝑣𝑠𝑙𝑜𝑤 and 𝑣𝑓𝑎𝑠𝑡  are both 

reduced by an order of magnitude. Moreover, the presence of crosslinkers eliminates this initial 

multi-mode behavior (no light green or light red stars in Fig 5A). Instead, only a single speed, 
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comparable to 𝑣𝑠𝑙𝑜𝑤 in the corresponding composites without myosin, is present. These findings 

suggest that myosin activity suppresses Class 2 flow, and crosslinking further arrests this motion.  

 

 

 

Figure 5. Velocities measured via DDM show acceleration and deceleration phases of composites, 

with distinct dynamic Classes, programmed by crosslinking and myosin activity. A. Velocities of 

microtubules (MT, closed circles) and actin (A, open circles) as a function of activity time in kinesin-driven 

composites with no crosslinking (top, blue), actin crosslinking (middle, green), and microtubule 

crosslinking (bottom, red); and without myosin (K, darker shades) and with myosin (K+M, lighter shades). 

For Class 3 cases, which have two velocities, and only occur at early times for each formulation, the slower 

speed is indicated by a star. Data points corresponding to the 𝜏(𝑞) curves shown in Fig 4 are circled in the 

corresponding Class color. Data points enclosed by dashed black circles correspond to 𝑣𝑚𝑎𝑥 for each 

formulation. Error bars (most too small to see) are the standard error over the power-law fits of the 

corresponding 𝜏(𝑞). B. Maximum velocity 𝑣𝑚𝑎𝑥 reached by each composite plotted against the time at 

which 𝑣𝑚𝑎𝑥 occurs. Error bars along the 𝑥-axis indicate the duration of the video over which the velocity 

is computed. C. Scatterplot of all 106 measured actin and MT velocities shown in A, divided into Class and 

color-coded as in A and B. Horizontal lines indicate averages across the data shown, the dashed horizontal 

line for indicates the average of the slower velocities (stars) in Class 3. D. Percentage of data for each 

composite formulation (as indicated on the left and top) that has Class 1 (purple), Class 2 (orange) or Class 

3 (magenta) characteristics, as determined via the functional forms of 𝐷(𝑞, Δ𝑡). The number of 𝐷(𝑞, Δ𝑡) 

curves 𝑛 over which the percentages are computed are listed. In general, all 𝐷(𝑞, Δ𝑡) curves for actin and 

microtubules for a given video (5-13 per formulation) have the same Class characteristics. 
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Moreover, these results indicate that the fast Class 2 motion is due to kinesin-driven motion (i.e., 

minimal change in 𝑣𝑚𝑎𝑥), and that myosin activity counteracts kinesin activity to delay the 

acceleration to Class 2 dynamics, rather than cooperating synergistically to amplify the active 

dynamics. Such competition may arise due to the different stiffnesses of the substrates which leads 

to contractile stresses in actin filaments and extensile stresses in microtubules62. The differences 

in initial velocities for kinesin-only versus kinesin-myosin composites further highlight the 

accelerated activity for crosslinked versus unlinked composites: without crosslinkers, the initial 

velocities of both composites are nearly identical (initially overlapping light and dark blue circles 

in Fig 5A) and an order of magnitude slower than 𝑣𝑚𝑎𝑥, whereas for both crosslinked cases, the 

initial velocity is an order of magnitude higher (close to 𝑣𝑚𝑎𝑥) than that without myosin (i.e. the 

first dark green and red circles are higher than corresponding light shades in Fig 5A). 

To quantify the propensity for different formulations to exhibit different Classes of dynamics, we 

evaluate the percentage of data for each formulation that fall into each Class (Fig 5D). We find 

that for kinesin-only composites, crosslinking increases the percentage of Class 1 and 3 dynamics 

and reduces fast Class 2 dynamics. Because the maximum speeds reached for crosslinked 

composites are lower than that for the unlinked composite (Fig 5B) there are fewer time-points at 

which the speeds are fast enough to elicit Class 2 type behavior (i.e., oscillations in 𝐷(𝑞, Δ𝑡) 

plateau). The addition of myosin to the unlinked composite suppresses fast Class 2 flow and 

increases the fraction of videos that undergo slow restructuring (Class 1 and 3), demonstrating the 

competition between kinesin and myosin activity that serves to hinder Class 2 flow. Conversely, 

the addition of myosin to crosslinked networks eliminates Class 3 dynamics and increasing the 

propensity to undergo fast flow. This surprising result likely arises from the reduced degrees of 

freedom of crosslinked networks, as described above, which limits the extent to which motors can 

induce uncorrelated microscale restructuring, instead facilitating coordinated flow. 

 

The structure-dynamics phase space of motor-driven composites can be described by the varying 

degrees to which different Classes store or dissipate motor-generated forces. To determine the 

mechanisms underlying the complex restructuring and dynamics presented in Figs 2-5, and map 

the phase space of possible structure-dynamics relationships, we correlate DDM-measured 

velocities 𝑣 to SIA-measured correlation lengths 𝜉 for all formulations and times (Fig 6).   

To shed light on the restructuring that occurs during the acceleratory phase, we consider 𝜉𝐴 and 

𝜉𝑀𝑇 at the time-point when 𝑣𝑚𝑎𝑥 is reached (Fig 6A). For all composites, the correlation length 

for the actin network is larger than that for the microtubules when the composite is moving fastest 

(i.e., 𝜉𝐴>𝜉𝑀𝑇 at 𝑣𝑚𝑎𝑥), and myosin activity increases this separation in length scales and increases 

𝜉𝐴. This result implies that the actomyosin activity contracts the actin network independently of 

the microtubules, rather than allowing it to simply move along with the kinesin-driven microtubule 

network.  

Next, we examine the velocity of the networks at the point when actin and microtubules display 

their respective maximum correlation lengths 𝜉𝑚𝑎𝑥,𝐴 and 𝜉𝑚𝑎𝑥,𝑀𝑇, which correspond to the most 

heterogeneous and/or clustered structures (Fig 6B). We note that 𝜉𝑚𝑎𝑥  is greater for MTs than for 

actin in kinesin-driven systems, as we may expect since kinesin acts on microtubules. When 

myosin is present, we find the opposite (i.e., 𝜉𝑚𝑎𝑥,𝐴>𝜉𝑚𝑎𝑥,𝑀𝑇), suggesting that myosin can more 

easily restructure actin compared to kinesin acting on microtubules, likely due to the comparative 

flexibility of actin. While the corresponding velocities differ by an order of magnitude without 
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crosslinking, the speeds for actin and MTs are similar when either type of crosslinking is present, 

suggestive of more connectivity and coordination as reflected in Fig 1C,D. 

 

 

Figure 6. Phase space of structure-dynamics relationships in motor-driven cytoskeleton composites. 

A. Maximum velocity 𝑣𝑚𝑎𝑥 for actin (open symbols) and MTs (closed symbols) for all composite 

formulations versus the correlation length 𝜉 at the time at which the corresponding 𝑣𝑚𝑎𝑥 occurs (color-

coded according to legend shown below the plot). Dashed lines connect data for MTs and actin determined 

for the same composite formulation. B. Maximum correlation length 𝜉𝑚𝑎𝑥 measured for actin (open 

symbols) and MTs (closed symbols) for all composite formulations versus the corresponding velocity 𝑣 at 

the time at which 𝜉𝑚𝑎𝑥 occurs (color-coded according to the legend as in A). Dashed lines connect data for 

MTs and actin determined for the same formulation. C. Relationship between velocity and correlation 

length for all composite formulations and time-points for both MTs and actin (color-coded according to the 

legend as in A and B). Scaling lines show power-law scaling corresponding to 𝑣 ~ 𝜉3 and 𝑣 ~ 𝜉0 expected 

for motor-driven elastic and dissipative systems (as described in the text). D. Same as C but colors and 

symbols correspond to Class as listed in the legend. 
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Finally, we evaluate the relationship between 𝑣 and 𝜉 for all composites over all time-points (Fig 

6C,D), to demonstrate the range of possible dynamics and structural properties that can be 

programmed with our platform and elucidate underlying structure-dynamics interactions. 

Considering an active elastic network, the motors generate forces in the network which result in 

an acceleration 𝑎. The velocity in this case is 𝑣 ∼ 𝑎 𝜏, where 𝜏 is the relaxation time between 

successive contacts (i.e., crosslinks or entanglements) within the network, which scales inversely 

with the elastic plateau modulus 𝐺 (i.e., 𝜏~ 𝐺−1)63. We also recall that the plateau modulus 𝐺 for 

a network of semiflexible filaments scales as 𝐺 ~ ℓ−3 where ℓ is the mesh size64, which scales as 

the correlation length 𝜉. Combining these relations yields 𝑣 ~𝜉3. Indeed, the distribution of data 

points shown in Figure 6C fills a region of the phase space enveloped by 𝑣 ~ ℓ3 scaling. Color-

coding the data by Class (Fig 6D) reveals that this scaling is most apparent for Class 2 cases which 

exhibit fast directed motion and mesoscale structural correlations.  

The low densities of static crosslinkers in our composites introduce a dissipative viscous 

component that should be more apparent in the composites without crosslinkers. For a viscous-

dominated system motor-generated forces should result in a drift velocity 𝑣 rather than an 

acceleration 𝑎, and thus should have minimal dependence on 𝜉. This effect is evident for the lower 

velocities in which the scaling deviates from 𝑣 ~ 𝜉3 and instead more closely follows 𝑣 ~ 𝜉0. This 

scaling is clear for the composites without static crosslinkers (Fig 6C) and those grouped as Class 

1 (Fig 6D). The closer agreement with 𝑣 ~ 𝜉0 versus 𝑣 ~ 𝜉3 at lower velocities (Class 1 purple 

data points) compared to fast speeds (Class 2 orange data), which more closely follow 𝑣 ~ 𝜉3 

scaling, can be understood as arising from the terminal behavior of viscoelastic networks64. At 

lower strain rates, the network has more time to relax imposed stress and thus exhibit more fluid-

like rather than elastic-like dynamics. Class 1 cases, which demonstrate microscale rearrangement 

and random, decorrelated motion, are best described by 𝑣 ~ 𝜉0 scaling (Fig 6D), suggesting that 

the filaments have time to bend and reconfigure on the timescale of the force-generation, allowing 

for restructuring rather than the coordinated directed motion of Class 2.    

 

Conclusion 

The cytoskeleton is a non-equilibrium multifunctional composite composed of diverse protein 

filaments, force-generating motors, and crosslinkers that cooperate and compete to enable diverse 

cellular structures and processes. As such, the cytoskeleton serves as one of the primary 

inspirations to the burgeoning field of active matter, and much of current active matter research 

seeks to learn from and emulate the cytoskeleton. The composite nature of the cytoskeleton, which 

confers its signature versatility and programmability, is one of its hallmarks; yet, current active 

matter platforms are largely limited to a single force generating component and/or substrate.  

Here, we address this gap by engineering co-entangled and crosslinked composites of microtubules 

and actin filaments driven by kinesin and myosin motors – breaking new ground in active matter 

design by incorporating multiple independently tunable force-generating components and active 

substrates.  

By coupling structural and dynamical Fourier analyses (DDM and SIA) we show that composites 

undergo a combination of fast advective flow, slow ballistic restructuring, and multi-mode 

dynamics that result in structures ranging from interpenetrating actin-microtubule scaffolds to 

demixed amorphous clusters of separate filament types. Surprisingly, competition between kinesin 
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and myosin force-generation delays the onset of restructuring and slows active motion while, at 

the same time, sustaining mixed filamentous networks of actin and microtubules. Conversely, 

crosslinking of actin or microtubules accelerates the time-evolution of active dynamics by 

enhancing cooperative actin-microtubule dynamics and suppressing microscale phase separation. 

Importantly, the emergent dynamics and extensive programmable phase space of non-equilibrium 

properties we reveal are a result of very subtle changes in substrate connectivity and activity. 

Finally, we discover that this rich phase space can be broadly divided into three Classes with 

distinct structure-dynamics relationships that we suggest arise from the varying degrees to which 

the Classes store or dissipate motor-generated forces.  

Our work not only brings reconstituted cytoskeleton composites one important step closer to 

mimicking the complexity of the cell cytoskeleton in processes such as wound healing, mitosis, 

and cytoplasmic streaming7,15,16,43,65,66, but also opens the door for responsive reconfigurable 

materials that can be programmed to undergo multiple types of motion and reorganization over 

different spatiotemporal scales, with each component independently tunable across a broad 

parameter space. We expect our platform and results to spark new theoretical investigations into 

composite active matter and new experiments that explore the broad parameter space of this 

platform. 

 

Methods 

Protein Preparation: Rabbit skeletal actin monomers (Cytoskeleton, AKL99, Lot#139), biotin-

actin monomers (Cytoskeleton, AB07, Lot#49), porcine brain tubulin dimers (Cytoskeleton, T240, 

Lot#121), biotin-tubulin dimers (Cytoskeleton, T333P, Lot#27), rhodamine-labeled tubulin dimers 

(Cytoskeleton, TL590M, Lot#31), and myosin-II (Cytoskeleton, MY02, Lot#19), are reconstituted 

and flash-frozen into single-use aliquots according to previously described protocols28,48.  

Biotinylated kinesin-401 is expressed in Rosetta (DE3)pLysS competent E. coli (ThermoFisher) 

and grown on selective media plates for 16-18 hours at 37°C. Fifteen colonies are added to a 5 ml 

starter culture of selective LB media and grown for 2 hours at 37°C/250rpm before adding to 400 

ml of selective LB media. Cells are grown at 37°C/250rpm to OD 0.6-0.9 at 600 nm, then induced 

at 20°C/250rpm for 18 hours with 1mM Isopropyl -D-1-thiogalactopyranoside (IPTG), and 

pelleted at 5,000 rpm for 10 minutes at 4°C before being frozen at -80°C for 1 hour. Cells are lysed 

in lysis binding buffer (50 mM PIPES, 4 mM MgCl2, 20 mM imidazole, 10 mM β-

mercaptoethanol, 50 uM ATP, one protease inhibitor tablet per 10 ml, 1.1mg/ml PMSF, 1.1mg/ml 

lysozyme) via sonication for 3 mins, pulsing every 20 seconds, then pelleted for 30 mins at 40,000 

x g  at 4°C, filtered through a 0.22 uM filter, and incubated with 1 ml nickel (Ni-NTA) agarose 

beads (Qiagen) for 2 hours on a rocker at 4°C. The lysate/bead mixture is passed through a 

chromatography column then washed with 15 ml buffer (50mM PIPES, 4mM MgCl2, 20mM 

imidazole, 10mM β-mercaptoethanol, 50uM ATP, one protease inhibitor tablet per 10ml) before 

1000 l fractions are eluted in (50mM PIPES, 4mM MgCl2, 20mM imidazole, 10mM β-

mercaptoethanol, 50uM ATP, one protease inhibitor tablet per 10ml, 2mM DTT, 0.05mM ATP). 

An elution dot blot is performed to assess the most concentrated fraction which is run through a 

40K MWCO desalting column for buffer exchange with PEM100 with 0.1mM ATP, then mixed 

with 60% sucrose for a final concentration of 10% sucrose before being aliquoted and flash-frozen 

into single-use aliquots. 
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For composites that incorporate actin or microtubule crosslinking, actin-actin or microtubule-

microtubule crosslinker complexes are prepared according to previously described protocols48. In 

brief, biotin-actin or biotin-tubulin is combined with NeutrAvidin and free biotin at a ratio of 2:2:1 

protein:free biotin:NeutrAvidin. 

Immediately prior to experiments: (1) myosin-II is purified as previously described27 and stored at 

4°C, and (2) kinesin clusters are formed by incubating the dimers at a 2:1 ratio with NeutrAvidin 

(ThermoFisher) with 125 µM DTT for 30 minutes at 4°C.  

Active Cytoskeleton Composite Preparation: Actin-microtubule composites are formed by 

polymerizing 2.32 μM unlabeled actin monomers and 3.48 μM tubulin dimers (5% rhodamine-

labeled) in PEM-100 (100 mM PIPES, 2 mM MgCl2, 2 mM EGTA) supplemented with 0.1% 

Tween, 10 mM ATP, 4 mM GTP, 5 μM Taxol, and 0.47 μM AlexaFluor488-phalloidin (Life 

Technologies, A12379) to label the actin.  

For crosslinked composites, a portion of either the actin monomers or the tubulin dimers is replaced 

with equivalent crosslinker complexes to achieve the same overall actin and tubulin concentrations 

and crosslinker:protein ratios of 𝑅𝐴 = 0.02 for actin or 𝑅𝑀𝑇= 0.005 for microtubules. 𝑅𝐴 and 𝑅𝑀𝑇 

values are chosen to achieve similar lengths between crosslinkers 𝑑 along actin filaments and 

microtubules (𝑑𝐴 ≃ 60 nm and 𝑑𝑀𝑇 ≃ 67 nm). As previously described48, we estimate these values 

using 𝑑𝐴 =
𝑙𝑚𝑜𝑛𝑜𝑚𝑒𝑟

2𝑅
, where 𝑙𝑚𝑜𝑛𝑜𝑚𝑒𝑟 is the length of an actin monomer, and 𝑑𝑀𝑇 =

𝑙𝑟𝑖𝑛𝑔

26𝑅
 , where 

𝑙𝑟𝑖𝑛𝑔 is the length of a ring of 13 tubulin dimers. Crosslinking ratios are also tuned to be high 

enough to induce measurable changes in the viscoelastic properties compared to unlinked 

networks, but low enough to prevent filament bundling47. 

Actin and tubulin concentrations are chosen to be similar to those used in previous studies on 

myosin-driven actin-microtubule composites28, and such that the mesh sizes for the actin and 

microtubule networks are comparable (𝜁𝐴 ≃0.96 𝜇m and 𝜁𝑀𝑇 ≃1.44 𝜇m, respectively)63. Further 

fine-tuning of the concentrations is achieved through a series of optimization experiments to 

identify a formulation space in which composites reliably form percolated networks and are visibly 

active on the timescale of minutes.  

Composites are polymerized for 30 mins at 37°C, after which 1.86 μM unlabeled phalloidin is 

added and the composite is incubated for 10 mins at room temperature. 50 μM blebbistatin is added 

to inhibit myosin-actin interaction prior to de-activation via 488 nm illumination26, and an oxygen 

scavenging system (45 μg/mL glucose, 0.005% β-mercaptoethanol, 43 μg/mL glucose oxidase, 7 

μg/mL catalase) is added to reduce photobleaching. Finally, 0.47 μM myosin-II and 0.35 μM 

kinesin (pre-formed into complexes) are added. While myosin activity is controlled by blebbistatin 

de-activation, kinesin starts to act on microtubules immediately, so 𝑡=0 of each experiment is set 

as the time kinesin is added. Each sample is gently flowed into a sample chamber composed of a 

silanized67 coverslip and microscope slide fused together by a ~100 m thick parafilm spacer and 

sealed with epoxy.  

Fluorescence Microscopy: Imaging of AlexaFluor488-labeled actin and rhodamine-labeled 

microtubules comprising composites is performed using a Nikon A1R laser scanning confocal 

microscope with a 60x 1.4 NA oil-immersion objective (Nikon), a 488 nm laser with 488/525 nm 

excitation/emission filters, and a 561 nm laser with 565/591 nm excitation/emission filters. 488 

nm illumination also locally activates myosin-II ATPase activity by de-activating blebbistatin as 

previously described26–28. Time-series (videos) of 256 x 256 pixel (213 μm x 213 μm) images are 
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collected at 2.65 fps for a total of 1000 frames (6.28 mins). Imaging begins 5 mins after the addition 

of kinesin motors (𝑡=5 min) in the middle of the ~100 μm thick sample chamber. Each successive 

video) is collected in a different field of view of the same sample until there is no longer any 

discernible restructuring or motion (~60 mins). 5-13 videos are collected for each of the six 

composite formulations (no crosslinking, actin crosslinking and microtubule crosslinking; with 

kinesin and with kinesin and myosin). 

Differential Dynamic Microscopy (DDM): DDM is performed separately on the actin and 

microtubule channels of each 1000-frame video using custom written python scripts as described 

previously28.  Radially-averaged image structure functions, 𝐷(𝑞, Δ𝑡) for each sampled wave vector 

𝑞 are computed by taking fast 2D Fourier transforms of differences between images in the time-

series separated by a lag time Δ𝑡. 𝐷(𝑞, Δ𝑡) versus Δ𝑡 for each wave vector 𝑞 is fit to the sum of 

either one or two Schulz velocity distributions:  

𝐴𝐴 (1 − ([𝑓 (
𝜏1(𝑍1+1)

𝑍1∗Δ𝑡
∗

sin(𝑍1∗arctan (𝜃1))

(1+𝜃1
2)

𝑍1
2

)] + [(1 − 𝑓) (
𝜏2(𝑍2+1)

𝑍2∗Δ𝑡
∗

sin(𝑍2∗arctan (𝜃2))

(1+𝜃2
2)

𝑍2
2

)])) + 𝐵,  

where amplitude 𝐴, background 𝐵, decay times 𝜏1 and 𝜏2, amplitude fraction 𝑓, and Schulz 

numbers 𝑍1 and 𝑍2 are 𝑞-dependent free parameters, and 𝜃𝑛 =
Δ𝑡

𝜏𝑛(𝑍𝑛+1)
 60. Schulz numbers 

characterize the velocity distributions 𝑃(𝑣) =
𝑣𝑧

𝑍!
(

𝑍+1

�̅�
)

𝑍+1
exp [−

𝑣(𝑍+1)

�̅�
] where 𝑍 = (

�̅�

𝜎
)

2
− 1. 

Class 1 and 2 image structure functions exhibit a single decorrelation plateau and can be well-fit 

to a single Schulz distribution (i.e. 𝑓=1), while Class 3 curves exhibit two plateaus and are best fit 

to the sum of two modes with comparable 𝑓 values. 𝜏(𝑞) curves for each composite and time-point 

are extracted from the corresponding fits of 𝐷(𝑞, Δ𝑡). All composites exhibit 𝜏(𝑞)~ 𝑞−1 scaling 

indicative of ballistic motion58 and the average velocity 𝑣 is computed by fitting 𝜏(𝑞) to  𝜏(𝑞) =
(𝑣𝑞)−1. Error bars shown in Figs 5 and 6 are standard error over each power-law fit, which 

includes 30-70 𝑞 values over the range of 0.30 𝜇m−1 ≤ 𝑞 ≤ 2.93 𝜇m−1. 

 

Spatial Image Autocorrelation (SIA): SIA analysis is performed on the initial and final frames of 

the actin and microtubule channels of each 1000-frame time-series using custom Python scripts68. 

SIA measures the correlation in intensity 𝑔 of two pixels in an image as a function of separation 

distance 𝑟69. Autocorrelation curves 𝑔(𝑟) are generated by taking the fast Fourier transform of the 

image 𝐹(𝐼), multiplying by its complex conjugate, and then applying an inverse Fourier transform 

𝐹−1 and normalizing by the squared intensity: 𝑔(𝑟) =
𝐹−1(|𝐹(𝐼(𝑟))|2)

[𝐼(𝑟)]2 . Structural correlation lengths 

𝜉 are determined by fitting the decaying section of each autocorrelation curve 𝑔(𝑟) to an 

exponential 𝑔(𝑟) = 𝑔(0)𝑒
−𝑟

𝜉 . Correlation lengths for actin and microtubules (𝜉𝐴 and 𝜉𝑀𝑇) for each 

video, plotted in Figs 2 and 6, are each an average of the values determined from the initial and 

final 𝑔(𝑟) curves for each video. 

Dynamic Image Analysis: Particle Image Velocimetry (PIV) is performed on the first and last 20-

frame (~7.5 s) segment of each time-series using the PIV plugin for FIJI/ImageJ70. PIV produces 

a 64 x 64 vector flow field with each vector arrow representing the magnitude (color) and direction 

(angle) of the velocity at that point (Fig 3). Grayscale maps overlaying the vector maps show the 

spatial distribution of speeds normalized by the maximum speed, where white is the maximum and 

black represents no motion. Temporal color maps of all frames of each 1000-frame video are 
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generated using the Temporal-Color Code  FIJI/ImageJ plugin (Fig 3). Kymographs are created 

using the KymographClear FIJI/ImageJ plugin. A horizontal (𝑥) and a vertical (𝑦) line spanning 

the field of view of the first frame of each video is chosen for analysis, then the kymograph is 

generated by Fourier-filtering particles moving in different directions across the chosen path. Color 

coding shown in Fig 4 indicates forward (+𝑥/+𝑦) motion, backward (-𝑥/−𝑦) motion, and no 

motion. 
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