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Significance

While the flow of energy allows 
active materials to display rich 
emergent phenomena, such as 
self-organized flows, how much 
energy active materials use and 
how this energy propagates across 
length scales are not well 
understood. Here, we use 
picocalorimetry to measure the 
heat production rate of a 
microtubule active gel. By 
comparing the total rate of energy 
consumption (measured using 
calorimetry) with the rate of 
energy dissipation by the 
emergent flows (estimated from 
microscopy), we find that the 
energetic efficiency of this material 
is surprisingly low: Only 
approximately one-billionth of the 
system’s total energy consumption 
propagates to the scale of the 
emergent flows. These results 
highlight energetic efficiency as a 
key material property for the 
engineering of active materials.
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PHYSICS

Dissipation and energy propagation across scales in an active 
cytoskeletal material
Peter J. Fostera,b,1,2,3 , Jinhye Baec,d,1 , Bezia Lemmab,e,f , Juanjuan Zhengc, William Irelandc , Pooja Chandrakarb,f, Rémi Borosf, Zvonimir Dogicb,f , 
Daniel J. Needlemanc,g,h , and Joost J. Vlassakc,3

Edited by Christopher Jarzynski, University of Maryland, College Park, MD; received May 9, 2022; accepted February 22, 2023

Living systems are intrinsically nonequilibrium: They use metabolically derived 
chemical energy to power their emergent dynamics and self-organization. A crucial 
driver of these dynamics is the cellular cytoskeleton, a defining example of an active 
material where the energy injected by molecular motors cascades across length scales, 
allowing the material to break the constraints of thermodynamic equilibrium and 
display emergent nonequilibrium dynamics only possible due to the constant influx 
of energy. Notwithstanding recent experimental advances in the use of local probes 
to quantify entropy production and the breaking of detailed balance, little is known 
about the energetics of active materials or how energy propagates from the molecular 
to emergent length scales. Here, we use a recently developed picowatt calorimeter 
to experimentally measure the energetics of an active microtubule gel that displays 
emergent large-scale flows. We find that only approximately one-billionth of the 
system’s total energy consumption contributes to these emergent flows. We develop 
a chemical kinetics model that quantitatively captures how the system’s total thermal 
dissipation varies with ATP and microtubule concentrations but that breaks down 
at high motor concentration, signaling an interference between motors. Finally, we 
estimate how energy losses accumulate across scales. Taken together, these results 
highlight energetic efficiency as a key consideration for the engineering of active 
materials and are a powerful step toward developing a nonequilibrium thermody-
namics of living systems.

active matter | molecular motors | picocalorimeter | energetic efficiency

Energy Transduction across Length Scales

Active cytoskeletal materials display a broad range of nonequilibrium dynamics that are 
only possible due to the injection of energy at the microscale (1–9). We study the energetics 
of a well-characterized active material by leveraging a recently developed micromachined 
picocalorimeter sensor (10) to directly measure the total thermal dissipation of this material 
in its nonequilibrium steady state (Fig. 1 A and B and  Materials and Methods). This 
instrument is particularly well suited for probing the energetics of biologically active 
materials due to its ability to measure the thermal dissipation of small, microliter-sized 
liquid samples with extraordinary sensitivity and a resolution of ~200 pW. In this instru-
ment, differing heat production by a sample and a reference leads to a temperature differ-
ential across a thermopile, which in turn creates a voltage difference proportional to the 
thermally dissipated power due to the Seebeck effect (Fig. 1B) (11).

Microtubule active gels driven by kinesin motor clusters are a powerful model system for 
probing the energetics of active materials as they contain a minimal number of components 
and display nonequilibrium steady-state flows (6–8, 12, 13) (Fig. 1C and Materials and 
Methods). At the microscale, clusters of kinesin motors cross-link pairs of microtubules and 
use energy from the hydrolysis of ATP into ADP and Pi to drive their relative motion 
(Fig. 1D). Here, motor clusters are made of K401, an engineered form of Drosophila kinesin-1 
truncated to the first 401 amino acids of the N-terminal. Through an inverse energy cascade, 
the energy from this protein-scale ATP hydrolysis is propagated across scales to the dynamics 
of mesoscale microtubule bundles. These microtubule bundles generate and are advected 
by autonomous flows that persist for hours on length scales far greater than the average 
length of microtubules, which are approximately 1 �m long (14) (Fig. 1E and Movie S1). 
To sustain steady-state dynamics, the system contains a pyruvate kinase(PK)–based ATP 
regeneration system, which catalyzes the conversion of ADP and phosphoenolpyruvate 
(PEP) to ATP and pyruvate. We placed 0.5 µL droplets of microtubule-based active gel 
under oil, a configuration compatible with either calorimetry (Fig. 1A) or microscopy meas-
urements (Fig. 1C). To quantify the properties of these emergent large-scale flows, we meas-
ured the velocity field of the microtubule network using particle imaging velocimetry (PIV) 
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(Fig. 1E and Materials and Methods) and extracted the mean flow 
speed, ⟨�

→

v (
→

r , t )�⟩→
r ,t

= 2.9 ± 1.1
�m

s
 , and the spatial velocity 

autocorrelation ⟨
→

v (
→

r , t ) ⋅
→

v (
→

r +
→

R , t )⟩t which decayed over 
a characteristic correlation length, L = 135 ± 44 �m (Materials and 
Methods). Both the mean speed and the correlation length rapidly 
reach steady-state values similar to previous bulk fluid flow meas-
urements in this system (13), arguing that the characterized flow 
properties represent bulk properties and that the oil–fluid interface 
does not significantly impact the emergent flows (Fig. 1F).

We first quantified the total power dissipated by the system 
using calorimetry and find that over the course of a ≈7-min 
measurement scan, the thermal dissipation of the active gels 
remains relatively constant (Fig. 1G). While data were collected 
for each sample at discrete intervals for over an hour (SI Appendix, 
Fig. S2), we here focus on measurements collected during the 
first scan to minimize potential confounding effects from ther-
mal drift (10). Averaging across replicate samples, the power 
dissipated as heat was found to be Pdiss = 94 ± 20 nW . As the 
system is in steady state and not exchanging mass or work with 
the environment, the chemical energy converted by motor pro-
teins must be dissipated as heat. However, there are multiple 
intermediate paths through which this energy can flow. A frac-
tion of the energy from each ATP hydrolysis goes directly into 
heat, while another fraction goes into microtubule motion and 
propagates up in scale to drive the emergent large-scale flows 
before being converted to heat through viscous dissipation. We 
next asked what fraction of the total dissipated power propagates 
to the emergent large-scale flows.

From the mean flow speed and velocity correlation length, the 
power dissipated through viscous dissipation by the large-scale flows 
can be estimated as Pflow ≈ V0� ⟨ �

→

v (
→

r , t ) �⟩2
→

r ,t
∕L2 . Here, Pflow 

is the viscously dissipated power derived using dimensional analysis 
in the form of viscous dissipation of an incompressible fluid (15), 

V0 = 0.5 �L is the system volume, and � is the viscosity. Based on 
a previously published rheological characterization of microtubule 
active gels (16), we approximate the viscosity as a constant value, 
� ≅ 1 mPa ⋅ s , leading to an estimate of Pflow ≈ 2 × 10−7nW . As 
the system is in steady state, the energy dissipated by these large-scale 
flows must be propagated from smaller length scales, and hence, Pflow 
provides an estimate of the energy propagated to these large length 
scales.

By comparing Pdiss , the thermal dissipation rate, with Pflow , the 
power viscously dissipated by large-scale flows, we define the frac-
tion of energy propagated to large-scale flows, � =

Pflow

Pdiss
≈ 2 × 10−9 . 

Hence, only a minute fraction of the chemical energy used by the 
system propagates into the emergent flows, demonstrating that 
the efficiency of this system for generating these flows is remark-
ably low (Fig. 1 G, Inset), far lower than the ~20% efficiency 
measured for individual kinesin (17) or for frog muscle where the 
peak efficiency can approach ~45% (18, 19). Thus, the large ther-
mal dissipation must be due to either substantial energetic losses 
during the energy propagation across scales or a significant con-
tribution to the thermal dissipation from chemical reactions other 
than ATP hydrolysis by K401.

We first tested whether the large thermal dissipation was due to a 
dominant contribution from the ATP regeneration system by meas-
uring the dissipated power of a sample lacking both pyruvate kinase 
and phosphoenolpyruvate, the chemical fuel that drives the pyruvate 
kinase reaction. Averaging over the first measurement scan, the dis-
sipated power was found to be Pdiss,no reg = 24.75 ± 0.01 nW 
(SI Appendix, Fig. S3), approximately one fourth of the value of the 
system containing the ATP regeneration system. While lower in 
samples lacking an ATP regeneration system, the dissipated power 
is still approximately nine orders of magnitude larger than 
Pflow ≈ 2 × 10−7 nW , arguing that heat released by the ATP regen-
eration system cannot explain the small fraction of energy propa-
gated to large length scales.
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Fig. 1. Dynamics and heat dissipation of active microtubule networks. (A) Image of the calorimetry sensor. The green droplet is placed on the central reference 
pad, and the transparent droplets are placed on the exterior sample pads. To prevent evaporation, sample and reference droplets were covered with oil and 
sealed inside a hydrogel-lined enclosure. (B) Schematic of a sample reference pair. Differing heat production by the sample and reference leads to a temperature 
difference across the serpentine thermopile. (C) Droplet of an active microtubule gel of comparable size to those used in calorimetry. (D) Bundle of stabilized 
microtubules, whose extensile motion is driven by K401 motor clusters (E) Within droplets, microtubule active gels generate self-organized emergent flows. Color 
indicates local vorticity. Black arrows: velocity field. (F) Mean speed (blue) and correlation length (red) of the emergent flows reach a nonequilibrium steady state. 
(G) Thermal dissipation of an active gel measured using calorimetry. A sample lacking ATP was used as a reference. Inset: log plot showing measured thermal 
dissipation of the active gel, Pdiss (red), and estimated viscous dissipation by large-scale flows, Pflow (blue). Data shown are for samples containing 1.5 mM ATP, 
210 nM K401, and 16 µM tubulin.
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Chemical Kinetics Model

To explore why the rate of energy use and hence the heat dissipation 
rate of these active gels is so large, we next developed a chemical 
kinetics model describing the reactions in our system (SI Appendix). 
In this model, the instantaneous heat dissipation is equal to the net 
change in enthalpy for each reaction times its respective reaction 
rate. Our model considers two reactions: ATP hydrolysis by kinesin 
and ATP regeneration by pyruvate kinase (Fig. 2A and SI Appendix). 
From these reactions, the thermal dissipation of the system is cal-
culated as Q̇ = Vsystem ×

(
ΔHK401 × rK 401 +ΔHPK × rPK

)
 , where 

Vsystem is the system volume, ΔHi is the volumetric enthalpy change 
for the reaction catalyzed by enzyme i , and ri is the respective reac-
tion rate. In this model, the reaction rate for the pyruvate kinase 
reaction follows Michaelis–Menten kinetics (20), while the K401 
reaction rate incorporates the binding of K401 to microtubules in 
addition to the ATP binding by K401 (SI Appendix). Importantly, 
the model for the K401 reaction relies on the same assumptions as 
Michaelis–Menten kinetics, including that the system is well mixed 
and that the motors do not directly interact with each other. As the 
rate-limiting step for the overall reaction is ATP hydrolysis by kine-
sin, we further make the approximation that rPK ≈ rK 401 and hence 
Q̇ ≈ Vsystem ×

(
ΔHK 401 +ΔHPK

)
× rkinesin (SI Appendix).

Experimental Test of the Chemical Kinetics 
Model

To test the validity of this model, we repeated calorimetry measure-
ments using samples with varying initial concentrations of ATP 
(Fig. 2B) or microtubules (Fig. 2C), holding the concentrations of 
all other components fixed. All model parameters were taken from 
the literature (SI Appendix, Table S1) except for a single fitting 

parameter, kcat , which represents the maximum number of ATPs 
hydrolyzed per K401 per second. Simultaneously fitting the model 
to the ATP and microtubule titration series yielded close agreement 
with the measured data (Fig. 2 A and B). From our fit, we find 
kcat = 44.0 ± 8.2 s−1 (mean ± 95% CI). As kinesins use one ATP 
per d = 8-nm step (21, 22), one can alternatively estimate kcat from 
the unloaded motor speed, v , as kcat =

v

d
 . Measurements of the 

unloaded motor speed for various K401 constructs (12, 23–25) 
characterized using gliding assays fall within the range 
v = 0.23 − 0.67

�m

s
 , implying a range of kcat = 29 − 84 s−1 , con-

sistent with the value of kcat measured here. Intriguingly, this model 
does not consider the potential force dependence of the rate of ATP 
hydrolysis by K401 which may be present for large loads, and hence, 
these results are consistent with each microtubule-bound motor 
hydrolyzing ATP at its unloaded rate.

We next tested the model for varying concentrations of K401. 
The model assumes that the rate of each reaction is limited by 
enzyme concentration, and as the ATP hydrolysis reaction pro-
ceeds much slower than the ATP regeneration reaction, the con-
centration of K401 should limit the net reaction rate. Hence, 
the thermal dissipation is predicted to vary linearly with K401 
concentration. To test this, we repeated calorimetry measure-
ments titrating the concentration of K401 (Fig. 2D). While the 
thermal dissipation increases approximately linearly for low K401 
concentrations, at higher K401 concentrations, the dissipation 
deviates from linearity and plateaus or perhaps even slightly 
decreases in contrast to model predictions. Thus, in this regime, 
one of the assumptions of the model must be violated. We 
hypothesize that at high K401 concentrations, the motors are 
distributed densely enough on microtubules that they begin to 
interact, potentially through mechanical coupling due to non-
synchronous stepping (25).
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Fig. 2. Testing the chemical kinetics model. (A) System schematic showing the two chemical reactions included in the model: ATP hydrolysis by K401 and ATP 
regeneration by pyruvate kinase. (B) Thermal dissipation for samples prepared with varying initial ATP concentrations, 210 nM K401, and 16 µM tubulin. A sample 
lacking ATP was used as a reference. Data averaged over n = 2 independent replicates for each concentration. (C) Thermal dissipation for samples prepared with 
varying microtubule concentrations, 1.4 mM ATP, and 210 nM K401. A sample lacking microtubules was used as a reference (n = 3 independent replicates). (D) 
Thermal dissipation for samples prepared with varying kinesin concentrations, 1.4 mM ATP, and 16 µM tubulin. A sample lacking K401 was used as a reference (n 
= 3 independent replicates). Dark red points: measured dissipation ± propagated error (Materials and Methods). Light red points: mean dissipation for individual 
replicates. Dashed gray line: best fit for chemical kinetics model. Gray shade: Model predictions where k

cat
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D,ATP
 are varied across their fit values ± fitting 

error. Dashed gold line: Linear fit to data from the four lowest kinesin concentrations.
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Large Thermal Dissipation Is Not from Singly 
Bound Motors

The chemical kinetics model assumes that all bound motors con-
tribute to the dissipation, but the model cannot predict what 
fraction of this energy propagates to the scale of the emergent 
flows. At the protein scale, the small fraction of energy propagated 
to the emergent flow could be due to a large fraction of kinesin 
clusters that are bound to microtubules but do not cross-link 
them. Interfilament sliding requires that kinesin clusters simul-
taneously bind to and move along a pair of microtubules (Fig. 3A). 
However, a motor cluster can also be bound to a single microtu-
bule. Such motor clusters would contribute to the overall heat 
production, but not to the emergent flows. To investigate this 
possibility, we made active gels where the chance of singly bound 
motors has been greatly reduced by permanently attaching motors 
to microtubules. This was accomplished by using a dimeric 560–
amino acid truncation of human kinesin containing a C-terminal 
SNAP tag (SNAP-K560) which covalently binds with a benzyl 
guanine (BG) label incorporated into microtubules, effectively 
immobilizing one end of the motors (26) (Fig. 3B and Materials 
and Methods). As motor binding to microtubules via their head 
domain, but not the BG tag, strongly stimulates the ATPase activ-
ity of kinesins (23), essentially all ATP hydrolysis activities must 
be from SNAP-K560 cross-linking and sliding microtubules.

We first confirmed that SNAP-K560 samples formed active 
gels with similar properties to K401 samples (Fig. 3 C and D). 
Using PIV, we measured the mean speed and the flow velocity 

correlation length of samples containing 1.4 mM ATP to be 
⟨�

→

v (
⇀

r , t )�⟩SNAP
→

r ,t
=0.45±0.18

�m

s
 and LSNAP = 188 ± 20 �m 

(Fig. 3 E and F). The velocity correlation length of the 
SNAP-K560 gel is slightly larger than that of K401 gels, the 
mean speed of the SNAP-K560 gel is slightly smaller, and 
microtubules appear to be more bundled, suggesting there may 
be small differences in how these motors organize microtubules 
and generate motion. As was done for K401 gels, we estimate 
the power dissipated through viscous dissipation by the 
large-scale flows to be Pflow,SNAP ≈ 3 × 10−9nW lower than the 
estimate of Pflow ≈ 2 × 10−7nW for K401 gels due to the 
decreased mean speed and increased flow velocity correlation 
length of SNAP-K560 gels. We next used calorimetry to meas-
ure the thermal dissipation rate of a SNAP-K560 gel to be 
Pdiss,SNAP = 62 ± 18 nW similar to but slightly smaller than the 
value measured for K401 gels (Fig. 3G) and far greater than 
Pflow,SNAP ≈ 3 × 10−9 nW . Additional experiments show that 
the trend of lower speeds and similar but slightly lower thermal 
dissipation rates for SNAP-K450 gels holds for systems contain-
ing a range of different initial ATP concentrations (SI Appendix, 
Figs. S4 and S5), potentially due to SNAP-K450 gels containing 
a lower concentration of active motors. The observations that 
the thermal dissipation is similar for SNAP-K560 and K401 
gels, the emergent flow properties differ only slightly, and in 
both cases, Pdiss ≫ Pflow argue that the large thermal dissipation 
is not due to ATP hydrolysis by noncross-linking motors bound 
solely to individual microtubules.
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Estimate of Energy Losses across Scales

While changing the initial concentrations of ATP, microtubules, 
and K401 results in differing thermal dissipations, mean speeds, 
and velocity correlation lengths (Fig. 2 and SI Appendix, Fig. S4) 
in all cases, the fraction of energy propagated to large length scales 
remains extremely low, ~10−8 to 10−9, raising the question of why 
so little of the dissipated power propagates to large length scales. 
The energy from ATP hydrolysis at the scale of individual motors 
must propagate up across length scales, and inefficiencies could 
potentially arise at each step (Fig. 4). A back-of-the-envelope cal-
culation can provide insight. At the scale of an individual motor, 
there is a tight coupling between ATP hydrolysis and translocation 
(21, 22). The maximum amount of work that can be extracted 
per ATP hydrolysis, W  , is given by the product of the maximum 
force a motor can exert, Fstall , and the motor step size, d  . Taking 
the stall force to be (27) Fstall ≈ 5 pN and step size (28) d = 8 nm , 
one arrives at an estimate of Wmax ≈ 40 pN ⋅ nm . As sliding fric-
tion between microtubules has been shown to be weak and dom-
inated by hydrodynamic interactions (29), we use a slender body 
approximation for the force per motor as the force required to 
move a microtubule along its long axis through water, given by 
F ≈

2��l

ln
(
l
a

)v . Taking typical microtubule dimensions of length 

(14), l = 1 �m , and radius (30), a = 12.5 nm , the viscosity of 
water as � ≅ 1 mPa ⋅ s , and an unloaded motor speed of v ≈ 0.3

�m

s
 

yields F ≈ 0.4 fN or an energy per 8-nm step of 
W ≈ 3 × 10−3 pN ⋅ nm . In this case, motors only extract a frac-
tion of the energy available from ATP hydrolysis, given by 
�motor =

W

Wmax
≈ 8 × 10−5 . Hence, even at the scale of a single 

motor, large inefficiencies can emerge. Furthermore, the standard 
conditions considered here contain 16 µM tubulin which, taking 
an average microtubule length of 1 µm and noting that microtu-
bules contain ≈1,625 heterodimers per micron (31), corresponds 
to a microtubule concentration of ≈ 10 nM. If ≈95% of motors 
at a concentration of ≈210 nM are bound at a given time, as 
estimated using the binding reactions for the chemical kinetics 
model, this implies there are on average ≈ 20 motors bound per 
microtubule. If all motors walk at their unloaded speeds, then 
microtubule pairs will move at the same speed as when only a 
single motor is present, but ≈ 20× the ATP will be hydrolyzed. 
Thus, at the scale of a microtubule pair, the fraction of energy 
extracted from each ATP molecule will be further reduced by a 

factor of 20, leading to �MT pair ≈ 4 × 10−6 . Microtubules in the 
system are organized into bundles whose motion drives the emer-
gent flows. As these bundles are long and thin, the slender body 
theory suggests that the resulting fluid motion should have only 
a logarithmic dependence on the bundle aspect ratio and hence 
be approximately independent of the bundle diameter. Thus, 
increasing the bundle diameter should have a minimal impact on 
the resulting flows while increasing the rate of ATP consumption 
rate per bundle due to the increased number of microtubules in 
a cross-section. Taking a bundle diameter of 0.5 �m coarsely esti-
mated from microscopy, and a close-packed microtubule spacing 
of 25 nm , we estimate that bundles have ≈ �(0.25�m)2

�(0.0125�m)2
= 400 

microtubules in a cross-sectional area, further reducing the effi-
ciency to �bundle ≈ 1 × 10−8 , which is similar to our experimental 
measurements. Interactions between bundles could lead to addi-
tional inefficiencies. Thus, these calculations suggest that the ener-
getic inefficiency of this active material results from an 
accumulation of losses at all scales.

Discussion

Here, we have used picocalorimetry to measure the thermal dis-
sipation of an active cytoskeletal material. By comparing this dis-
sipation with a characterization of the emergent nonequilibrium 
flow, we find that only a minute fraction of the system’s total 
energy dissipation, approximately one-billionth of the total, prop-
agates to the scale of the emergent flows. We show that this dis-
crepancy is not due to noncross-linking motors and develop a 
chemical kinetics model of the heat generated by these active gels. 
The chemical kinetics model’s success in accounting for the 
changes in the thermal dissipation with ATP and microtubule 
concentrations argues that, under these conditions, the molecular 
motors operate independently and are unloaded. The model’s 
failure at higher motor concentrations suggests that in this regime, 
additional effects influence the system’s dissipation. We speculate 
that mechanical effects, such as interference due to nonsynchro-
nous stepping (25), could play a role. Finally, we perform an 
estimate that rationalizes the inefficiency of this active cytoskeletal 
material for generating emergent fluid flows, which suggests that 
substantial energy losses occur at all scales: at the levels of indi-
vidual molecular motors (due to the tight coupling between ATP 
hydrolysis and translocation), pairs of cross-linked microtubules 
(due to unproductive load sharing between molecular motors), 

Fig. 4. Energy propagation across scales. Inefficiencies in the conversion of energy into motion happen at a number of scales. At the motor scale, moving a 
microtubule through water requires far less energy than is released through ATP hydrolysis. At the microtubule scale, many motors cross-linking a microtubule 
cause the microtubule to move at most at the speed of a single motor, but each motor hydrolyzes ATP. At the bundle scale, many microtubules are in a cross-
section, but as the aspect ratio of bundles is large, fluid motion is approximately independent of bundle diameter. At the system scale, the interaction between 
multiple bundles could lead to further energetic losses.

http://www.pnas.org/lookup/doi/10.1073/pnas.2207662120#supplementary-materials
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and entire microtubule bundles (due to the large number of micro-
tubules per bundle cross-section). Further inefficiencies could arise 
from uncoordinated stepping between motors (25), interactions 
between bundles, or other mechanisms (32).

Understanding the energy consumption of active materials is cru-
cial for the engineering of practical materials. Recent work has con-
sidered the dissipation of nonequilibrium materials at different scales 
(32–35). At the microscale, irreversibility has been characterized 
through measuring the breaking of detailed balance for measured 
degrees of freedom (36–40), providing a lower bound on the entropy 
production rate. In a complementary approach, the Harada–Sasa 
relation (41) has been successfully applied to measure the dissipation 
of individual molecular motors (17, 42) or tracers in cells (43). While 
powerful, these approaches only provide a lower bound characteriz-
ing the observed degrees of freedom and are challenging to apply to 
the large-scale assemblies considered here. At the other extreme, 
recent theoretical work has considered dissipation in a continuum 
model of active nematics (44) and finds that energy is dissipated at 
the scale it is injected. As this model takes a continuum description 
of the material, dissipation at scales below the continuum limit is by 
necessity neglected. Rather than beginning with a continuum 
description, recent work by Yu et al. has considered the effects of 
coarse graining a discrete microscopic model on the entropy pro-
duction rate, finding that the dissipation decreases with increasing 
coarse graining as a power law for certain classes of nonequilibrium 
networks (32). Similar to this model, our back-of-the-envelope cal-
culation suggests that for the active gel considered here, the majority 
of the dissipation happens at length scales smaller than the contin-
uum limit, with only ≈10−8 of the total energy used propagating 
beyond the scale of microtubule bundles, a number similar to the 
estimated dissipation loss in Yu et al. In the work presented here, by 
measuring the thermal dissipation, the total rate of energy consump-
tion can be quantified, and this thermal dissipation can be compared 
with the estimated energy dissipation by flows on the largest length 
scales. Between these scales, whether or not the dissipation decreases 
as a power law remains to be tested.

Realizing the future potential of active biomimetic materials for 
producing mechanical work in complex engineered systems will 
require understanding and overcoming limitations in energetic effi-
ciency. Addressing this challenge may require the design of such 
materials at the microscale, created from fundamental units whose 
architecture maximizes the amount of energy extractable as useful 
work. Eukaryotic cells use active cytoskeletal assemblies to perform 
the mechanical work that underlies diverse cellular functions rang-
ing from cell motility to chromosome segregation (30). Much like 
the active gels considered here, these biological machines contain 
large numbers of motor proteins cross-linking cytoskeletal filaments, 
raising the question about their energetic efficiency at performing 
mechanical work. Understanding the energetic costs, constraints, 
and efficiencies of cytoskeletal structures in vivo (45) could inspire 
strategies for increasing the energetic efficiency of active biomimetic 
materials in vitro.

Materials and Methods

Protein Purification and Sample Composition. We prepared active gel 
samples as previously described (46). Briefly, 80 �M tubulin was polymerized 
into stable microtubules using the nonhydrolyzable GTP analog GMPCPP (Jena 
Biosciences NU-405) in a water bath at 37 °C for thirty minutes. Tubulin was 6% 
labeled with Alexa Fluor 647 NHS Ester (Invitrogen A-20006). All microtubules 
were prepared in one batch, flash-frozen, and thawed before use. Kinesin-1 
streptavidin clusters were created by combining streptavidin (Invitrogen S-888) 
with an engineered Drosophila kinesin-1 truncated to the first 401 amino acids 
of the N-terminal and linked to an 87–amino acid C-terminal of a biotin tag with 
a monomer molecular weight taken to be 56 kDa (46). We expressed and purified 

the engineered kinesin from Escherichia coli and flash-froze the kinesin–streptavi-
din complexes after dimerization. We prepared a buffer solution consisting of 
1% 35-kDa polyethylene glycol, “M2B” (80 mM PIPES, 2 mM MgCl2, and 1 mM 
ethylene glycol tetraacetic acid (EGTA) in water adjusted to a pH of 6.8 with KOH), 
and oxygen scavengers and an ATP regeneration system consisting of DTT (ACROS 
Organics 16568), glucose (Sigma G7528), catalase (Sigma C40), glucose oxidase 
(Sigma G2133), ATP (Sigma A2383), DTT (ACROS Organics 16568), PEP (phos-
phoenolpyruvate, Alfa Aesar B20358), and pyruvate kinase/lactic dehydrogenase 
(PK/LDH, Sigma P-0294). This solution was also flash-frozen. To perform experi-
ments, we thawed kinesin, polymerized microtubules, ATP aliquots, and our buffer 
solution, and mixed them in the correct proportions.

We prepared active gel samples with SNAP-K560 and BG microtubules as 
previously described by Chandrakar et al. (26). BG-labeled tubulin was made by 
labeling tubulin using BG-GLA-NHS (NEB S9151S) using a protocol by A. Hyman 
et al. (47). To create BG microtubules, 44 �M tubulin containing 6% BG-labeled 
tubulin was polymerized using GMPCPP at 37 °C. These BG microtubules are 
incubated with SNAP-K560 and 1 mM DTT in phosphate-buffered saline at room 
temperature for 30 min. To remove the SNAP-K560 attached to microtubules by 
the non-BG end, the SNAP-K560 and BG-microtubule mixture was first centrifuged 
at 21,000 RCF (Eppendorf Centrifuge 5424 R) for 10 min. Next, the pellet was 
dissolved in a high-salt dissociation buffer (pH 7.7) consisting of 350 mM NaCl,  
1 mM MgCl2, 1 mM ethylene glycol tetraacetic acid (EGTA), and 10 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. Afterward, it was left to 
incubate for 2 min at room temperature. The dissociation buffer was exchanged 
with M2B by again centrifuging at 21,000 RCF and then dissolving the pellet in 
M2B. The result is SNAP-K560-labeled microtubules which were added to the 
active sample described above before flash-freezing in liquid nitrogen.

Calorimetry Measurements and Analysis. We performed all calorimetry 
measurements using a recently developed micromachined picocalorimetry 
sensor (10). The sensor was calibrated using an internal heating element as 
previously described (10) (SI Appendix, Fig.  S6). The thermal dissipation of 
active samples was measured as a function of ATP, microtubules, and kinesin 
concentrations. To evaluate the effect of the ATP concentration, four samples 
with a volume of 0.5 µL, each corresponding to a different concentration of ATP, 
were placed on the sample pads of the sensor, and a 0.5 µL sample without ATP 
was used as a reference. This procedure was repeated as necessary to obtain 
data for additional ATP concentrations and to replicate the measurements. The 
effects of the microtubule and kinesin concentrations were evaluated using the 
same method. Pipetting volumes of this size presents a challenge. To minimize 
errors associated with pipetting, a pipettor designed for low volumes was used 
(VWR catalog #89079-960) along with low retention pipette tips (VWR catalog 
#89368-978). While minimized to the extent possible, we believe pipetting 
error to be the dominant error source in these measurements. All sample and 
reference droplets were covered with 1.5 µL mineral oil and sealed inside the 
hydrogel-lined enclosure to minimize evaporation during the measurements. 
One limitation of this system is the requirement of a thermal stabilization time 
once samples have been placed on the sensor, which precludes measurement 
of rapid heat exchange upon sample mixing. After loading the samples, the 
measurement system was allowed to stabilize for a period of 20 min before 
commencing the measurements. The sample of interest was selected using 
a rotary switch, and the voltage signal of the corresponding thermopile was 
measured with a Keithley 2182A Nanovoltmeter. Each sample was measured 
for a period of 7.17 min before moving on to the next sample. The samples 
were measured in a random sequence to eliminate any systematic errors. Since 
the microscopy observations of the velocity of the active gels were obtained for 
approximately one hour, all calorimetry scans were initiated within one hour 
from activating the samples.

Confocal Microscopy and PIV Data Analysis. We performed microscopy with 
a 10×  objective on an Olympus DSU Spinning Disk and a Yokogawa CSU-X1 
Spinning Disk with a Nikon TE2000 base, both attached to a Hamamatsu ImagEM 
CCD camera (C9100-13). We managed the microscope equipment using µMan-
ager software (48).

We calculated flow fields from the microscopy data using the MATLAB PIVlab 
plugin (49). In processing the data, we generated masks when necessary to crop 
out material at the oil–water interface. We used the PIV algorithm at the level 

http://www.pnas.org/lookup/doi/10.1073/pnas.2207662120#supplementary-materials
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of four passes, with windows of 128, 32, 16, and 8 pixels. Additional settings 
included deforming these windows using spline deformation and removing all 
preprocessing techniques such as CLAHE.

We calculate the mean speed ⟨�
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where T is the number of frames evaluated. Additionally, for each frame, t, we 
calculate the velocity autocorrelation, Avel(r , t) , as
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This correlation is evaluated in Fourier space to reduce computation time. For 

each time point, τ, values of the velocity autocorrelation, Avel(r , �) , were fit to an 
exponential of the form Avel(r , �) = Ae−

r
B + C for values of r ranging from 5 PIV 

bins (≅ 25 µm) to the value of r such that Avel(r , �) = 0 . From this exponential fit,  
the correlation length, or decay length, is taken as �(�) = − B × log

(
0.3− C

A

)
   

and temporal averages, ⟨�(�)⟩
�
 , are reported as the flow correlation length for the 

experiment. Example plots of the average velocity autocorrelation and an example 
time point with exponential fit are given in SI Appendix, Fig. S1.

Error Analysis. For calorimetry and PIV measurements, the reported error takes 
into account both the within-experiment variance, �2

measurement
 , and the variance 

between replicates, �2
replicates

 . The within-experiment variance was calculated as

 [1]�
2
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�
2
i
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where Nreplicates is the total number of replicates for the given condition, and �2
i
 

is the within-experiment variance for replicate i  . For conditions with multiple 
replicates, the variance between replicates was calculated as the variance between 
replicate means.
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where �i is the mean value for replicate i  , and ⟨�⟩ is given by

 [3]⟨�⟩ =
1
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i=1

�i .

From these, the net error for the condition, referred to in the main text as the 
propagated error, was calculated as

 [4]� =
√

�
2
measurement + �

2
replicates

.

Unless otherwise stated, values reported in the paper are given as ⟨�⟩ ± �.

Figure Illustrations. Cartoons in Figs. 1D, 2A, and 3 A and B were created with 
BioRender.com. K401, SNAP-K560, and pyruvate kinase cartoons were created 
using Illustrate (50).

Data, Materials, and Software Availability. Custom MATLAB code for ana-
lyzing the PIV data is available at https://github.com/bezlemma/PIVanalysis. 
All other data are included in the manuscript and/or SI Appendix. Microscopy 
images are available from the corresponding authors upon reasonable request. 
Plasmids for K401 and SNAP-K560 are available from Zvonimir Dogic upon 
request.
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