
 

 

BIOMOLECULAR ACTUATORS 

Muscle on demand 

Light-activated protein actuators composed of bioengineered motors and molecular scaffolds achieve 
millimetre scale mechanical work, which holds promise for microrobotics applications. 

 

Henry Hess 

In cells, contractile structures (e.g. stress fibers1) dynamically assemble when needed from 
cytoskeletal filaments and motor proteins to generate forces that aid cell attachment and migration. 
These biomolecular structures lack the precise molecular organization of muscles, which are superbly 
adapted to directed force generation, but can assemble when and where they are needed mainly to 
generate static contractile forces. Now writing in Nature Materials, Nitta and colleagues report an 
engineered system where the formation of a contractile structure takes place on demand in a solution 
of cytoskeletal filaments and motor proteins2. The contractile gels with millimeter scale dimensions 
can form precise shapes when stimulated with patterned light and achieve microNewton forces that 
can operate, for example, miniature pliers (Fig. 1).  

The construction of active, contractile materials resembling muscles has been a long-standing goal 
in materials science. Early milestones were carbon nanotube actuators3 and artificial muscles from 
sewing line and fishing thread4. However, mimicking muscle more closely by relying on molecular 
motors to power contraction has only recently been demonstrated using light-driven synthetic 
molecular motors5. Nitta and coworkers approach the challenge from a different angle, relying on 
biomolecular motors produced with biotechnological methods, to achieve contraction on the 
millimeter scale powered by chemical energy in the form of ATP. The key idea is to capitalize on prior 
knowledge about the active self-assembly of cytoskeletal filaments and motor proteins6 to construct 
molecular building blocks capable of organizing themselves into larger scale contractile structures. 
Inspired by the structure of muscle, the authors developed an active biomolecular system entailing 
engineered filamentous scaffolds made from the fusion of calmodulin, a calcium ions binding protein, 
with light meromyosin, the tail portion of myosin, and microtubule-associated motor proteins resulting 
from the fusion of kinesin-1 with a calmodulin binding sequence. Upon the photo-induced release of 
calcium ions, the kinesin-1 motors bind to the filamentous scaffold, creating bipolar filaments that 
resemble myosin (“thick”) filaments in muscle. Contraction of the emerging network of kinesin-
carrying filaments and microtubules is achieved by microtubule sliding due to the action of the kinesin 
motors in the presence of ATP. Since the sequential assembly and contraction processes are initiated 
by the light-induced release of calcium ions, the contractile activity can be controlled both in time and 
space via patterned illumination.  

The work by Nitta and colleagues is highly multiscale, from the design and construction of the 
molecular components using molecular biology techniques, over the self-assembly of the molecular 
components into nanoscale structural elements (microtubules and kinesin filaments) and the 
subsequent non-equilibrium self-organization of these nanoscale elements into interacting microscale 
subunits, to the formation of the contractile millimeter scale structure from these subunits. It also 
highlights the potential of a biotechnological approach7, and the results can now be compared with 
the chemistry-based approach of employing synthetic molecular motors. Silicon-based 
nanofabrication of motors is the third contender8, integrating well with the solar economy but less 
well with biomedical applications in drug delivery and microsurgery. 

The approach, of course, has still unresolved problems, as the authors point out. Repeated cycles 
of contraction and relaxation would require the removal of calcium ions, something muscles achieve 



 

 

with a dedicated pumping mechanism. The mechanical stresses generated (0.2 kPa) are a thousand-
fold lower than those generated by muscle and ten-fold lower than those generated by stress fibres 
but compare favourably to those generated by actuators based on synthetic molecular motors.  

From a higher vantage point, it is interesting to consider the need for contractile materials. While 
actuation in animals is typically achieved via the generation of tensile forces by contracting muscles, 
modern technology typically mimics plant biology9 in relying on extensile forces generated by 
pneumatic and hydraulic systems. These systems in turn are powered by motors. Miniaturization 
presents a challenge to this dichotomous design, since frictional losses increase and motor efficiencies 
drop as the systems sizes shrink. To continue on the technological path towards smaller and more 
numerous actuators10 an integration of hydraulics and motor at the nanoscale is desirable (Fig. 2).  

Nanoscale integration is achieved in the sarcomere, the basic functional unit of the muscle, where 
the force generation by myosin motor proteins leads to the interdigitation of thick and thin filaments 
without the generation of fluid flow. An almost crystalline stacking of sarcomeres into muscle tissue 
then scales force and velocity up, providing actuators suited for mosquitoes and whales. Actuators for 
future ubiquitous microdevices will similarly require molecular motors, or a mechanism used to 
generate mechanical work from some energy input. Similar to the first steam engines, the motor’s 
energy conversion efficiency has to exceed 1%, otherwise the actuators relying on it would consume 
an unacceptably large portion of the energy budget10. This efficiency has to be maintained as the 
motors are integrated into a system which achieves force multiplication, and a method for controlled 
activation has to be implemented. The final challenge is to maintain the assembly in an operational 
state for an extended time. The work by Nitta and coworkers is the most fully developed effort to date 
to meet these challenges on the biotechnological route. As in the early days of climbing Mt. Everest, 
the most feasible approach to the peak of potential performance is still under consideration.   
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Figures legend 

Figure 1. Pliers closing with active protein networks. Light-induced release of caged calcium ions leads 
to the localized assembly of a network of kinesin motor protein-carrying filaments and microtubules, 
which is followed by motors sliding on microtubules to contract the entire network. The millimeter 
scale network generates microNewton forces that are sufficient to actuate the polymeric pliers. Figure 
adapted with permission from ref. 2, Springer Nature Ltd. 
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åFigure 2. 
Motor abundance varies inversely with size and increased as technology progresses.  Since the first 
steam engine has been invented, engines, motors and actuators have multiplied and evolved into 
serving an immense variety of functions. Today, the earth is occupied by tens of billions of small electric 
motors spinning hard drives, several billion motors powering appliances, a billion car engines, hundred 
million truck engines, and so on, all the way to a few giant turbines for pumped-storage hydroelectric 
power stations weighing hundreds of tons. While the biggest engines attract the attention, the growth 
is on the small side where continuously shrinking motors aim to become as ubiquitous as mosquitoes.  
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hundreds of tons and producing
hundreds of megawatts of power.
In the context of nanotechnol-

ogy, the main question is how tech-
nological progress will create smaller
and smaller engines and motors. In-
cremental progress may progres-
sively reduce the size of electric
motors, engines, and actuators while
simultaneously increasing their num-
bers. The tens of millions of digital
micromirror devices weighing about
a gram, each incorporating a million
independent actuators, illustrate the
potential of this route. Alternatively,
molecular motors and related nano-
devices may be integrated into me-
chanically active systems in numbers
approaching a mole (6 ! 1023)
through bottom-up designs.
The insights of ecology into the

organization of biological systems
have practical utility in the develop-
ment of conservation strategies and
international development policies.13

Improved understanding of the glo-
bal organization of technological sys-
tems, or the “technosphere”, may
improve our forecasts of technologi-
cal change and guide research and
development efforts. For example,
does the energetic equivalence rule
hold for technological systems as
well, implying that future nanomo-
torswill consumesignificant amounts

of energy and contribute to environ-
mental problems on scales compar-
able to the Diesel engine? If so, the
efficiency of molecular motors will
become a primary consideration and
will need to be on par or better than
thoseofmacroscaleengines.14 In sum-
mary, the “ecology of technology”
may be a valuable addition to other
efforts aimedatpredicting thesocietal
implications of nanotechnology.15

A review of the current state of
research related to molecular mo-
tors and nanomotors is beyond the
scope of this Perspective. However,
we would like to highlight two re-
cent significant advances in the en-
gineering of nanosystems using
biomolecular motors, such as dy-
nein or kinesin motor proteins.

Aoyama, Shimoike, and Hiratsuka
accomplished the design of an op-
tical device driven by dynein mo-
tors, which mimics the mechanism
responsible for color changes in the
skin of certain fish.16 The device is a
100 ! 100 pixel array, where each
pixel consists of a self-assembled
“melanophore” capable of a stimu-
lus-dependent change in coloration
(Figure 2). Upon exposure to UV
light, caged ATP is photolyzed and
activates kinesin motors, which in
turn aggregate 1000 initially dis-
persed pigment granules at the
center of the pixel by active move-
ment along an aster-like array of
microtubules. The collective action
of the device faintly resembles a
digital micromirror device; how-
ever, the number of individually
acting motors is several orders of
magnitude larger and potentially
enables the ability to address many
intensity levels for each pixel. Ima-
gine an automobile covered in a
paint that is composed of such
devices: the main engine and the
hundred smaller motors currently
employed in a car would be com-
plemented by a mole of molecular
motors dynamically changing the
car's color!
In this issue of ACS Nano,17 Kumar

et al. describe a new solution to a

Figure 1. (a) In the global ecosystem, the population density of animal species is roughly inversely proportional to the body
mass of the individuals. Reprinted with permission from ref 4. Copyright 1993 Wiley. (b) The technosphere exhibits a similar
scaling of density to machine mass, where machine density is calculated by dividing the estimated number of machines of a
given type in the world by the surface area of the earth. Data are estimated for the year 2000.

In this issue of ACS

Nano, Kumar et al.

describe a new solution

to a problem that has

occupied researchers for

more than a decade: how

do we switch motor

activity on and off?
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