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In this review, we summarize the recent developments in the emerging field of bioactuators across a
multitude of length scales. First, we discuss the use and control of biomolecules as nanoscale actuators.
Molecular motors, such as DNA, kinesin, myosin, and F;-ATPase, have been shown to exert forces in the
range between 1 pN to 45 pN. Second, we discuss the use and control of single and small clusters of
cells to power microscale devices. Microorganisms, such as flagellated bacteria, protozoa, and algae, can
naturally swim at speeds between 20 pm s to 2 mm st and produce thrust forces between 0.3 pN to
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200 pN. Individual and clustered mammalian cells, such as cardiac and skeletal cells, can produce even
higher contractile forces between 80 nN to 3.5 uN. Finally, we discuss the use and control of 2D- and
3D-assembled muscle tissues and muscle tissue explants as bioactuators to power devices. Depending
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on the size, composition, and organization of these hierarchical tissue constructs, contractile forces have
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Introduction

Nature has long been a source of inspiration in producing
complex yet elegant functional systems and life forms across
a multitude of length scales." Marcello Malpighi, one of the
greatest seventeenth-century life scientists, was one of the
first to attribute body function to an organized series of min-
ute ‘organic’, or biological, machines.” The length scales of
these biological machines span from the tiny machinery in
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been demonstrated to produce between 25 uN to 1.18 mN.

cells that participate in replication (mitotic cell division) and
locomotion (actin and myosin systems) to cell cluster interac-
tions and formation of tissues having higher-order function-
alities (or so-called emergent properties). In fact, the human
body is a large and complex functional system - the ultimate
biological machine.® Traditionally, the study of these systems
has been the domain of biology, while technological
advances have been used by biologists as new tools to
advance these studies. This has resulted in a one-way rela-
tionship between biology and engineering. However, recent
advances in cellular and molecular biology, combined with
new technologies to measure and manipulate cell behavior,
have laid the foundation for the next frontier in biology, that
of creating our own engineered biological machines.”
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Over the past decade, extensive research has been
conducted to exploit the use of bioactuators for engineering
new biological machines.” A list of the functional perfor-
mances of bioactuators across the molecular, cellular, and
tissue scales are shown in Table 1. There are a number of
attractive design features that make bioactuators unique in
nature.® Bioactuators are different in composition from their
man-made counterparts. Whereas man-made machines are
traditionally constructed from hard and dry materials, such
as metals, ceramics, and plastics, bioactuators are comprised
of soft and wet materials, such as DNA, proteins, and cells.
Typically, man-made actuators are powered by electrical
energy that is transformed at low efficiency (<30%) to
mechanical work and a resulting large heat loss. In contrast,
bioactuators harvest chemical energy at much higher efficien-
cies (=50%) than is possible from man-made actuators. Bio-
actuators are also capable of self-assembly. While their basic
functional units, such as motor proteins, single cells, or
microorganisms, can function independently, they exhibit
collective behavior and can assemble into hierarchical struc-
tures. Examples of collective behaviors include motor pro-
teins that are recruited to form multi-molecular assemblies,
cardiac cells that establish electrical gap junctions for syn-
chronous contraction, and microorganisms that swarm when
in close proximity to each other. Furthermore, bioactuators
are intrinsically programmed with a wide variety of control
mechanisms that can be exploited. One commonly used con-
trol mechanism is electric field stimulation. It can be used to
guide polarized microtubules on kinesin beds through micro-
channel junctions, steer galvanotactic swarmer cells to
predetermined destination points, and stimulate contractile
muscle tissue to twitch. It is even possible now to introduce
other control mechanisms in bioactuators not seen in nature
through new tools in synthetic biology and genetic
engineering.

The potential benefits of utilizing and controlling the
unique capabilities of nature's bioactuators across all length
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scales are enormous.” At the molecular scale (10™° m), motor
proteins can be used to develop in vitro sensors and bioas-
says. A small cluster of motor proteins such as kinesin can
be used to capture, separate, and transport target analytes.
This enables a high degree of miniaturization in closed
devices and removes the need for mechanical pumping or
electrokinetic-driven flow of target analytes. At the cellular
scale (10 m), cells and microorganisms can be used as
microrobots for in vivo diagnostic and therapeutic tasks,
probing, analyzing, and transporting microobjects in bio-
logy, and microfluidic applications in lab-on-a-chip devices.
One exemplary example is an autonomous microrobot that
can carry out a complex sequence of tasks inside the circu-
latory system of the human body. These microrobots can
be used for in vivo targeted drug delivery or even radiation
therapy by placing radioactive seeds near unwanted cells or
tumors. At the tissue scale (10 to 10> m), living muscles
and muscle tissues can be used as continuum actuators for
applications in soft robotics and surgical biobots. While tra-
ditional robots are constrained by joints with limited range
of motion, living muscles have high degrees of freedom
that can constantly bend along their length. One vision is
the creation of biological robots, or biobots, that perform
or assist in specific surgical procedures, such as sealing
small blood vessels to minimize bleeding during surgery,
repairing injured tendons, or targeting and eliminating met-
astatic tumors.®

In this review, we summarize the recent developments
in the emerging field of bioactuators across a multitude
of length scales. First, we discuss the use and control of bio-
molecules as nanoscale actuators. Molecular motors, such as
DNA, kinesin, myosin, and F;-ATPase, have been shown to
exert forces in the range between 1 pN to 45 pN. Second, we
discuss the use and control of single and small clusters of
cells to power microscale devices. Microorganisms, such as
flagellated bacteria, protozoa, and algae, can naturally swim
at speeds between 20 um s ' to 2 mm s~ and produce thrust
forces between 0.3 pN to 200 pN. Individual and clustered
mammalian cells, such as cardiac and skeletal cells, can
produce even higher contractile forces between 80 nN to
3.5 pN. Finally, we discuss the use and control of 2D- and
3D-assembled muscle tissues and muscle tissue explants as
bioactuators to power devices. Depending on the size, compo-
sition, and organization of these hierarchical tissue con-
structs, contractile forces have been demonstrated to produce
between 25 uN to 1.18 mN.

Biomolecular actuators

Biomolecular motors are considered promising materials for
constructing biological actuators with piconewton (pN)
forces.’ In general, biomolecular actuators are driven by the
conversion of adenosine triphosphate (ATP) to drive their
movement. These actuators can be used in nanoscale
mechanical devices to pump fluids, open and close valves,

This journal is © The Royal Society of Chemistry 2014
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Table 1 Forces, speeds, and step sizes of bioactuators. Measured and calculated forces, speeds, and step sizes cited in literature of engineered
and natural bioactuators across multiple length scales

References Force, speed, and/or step size Type of bioactuator
DNA 15 10-15 PN Force, unzip Hybridized DNA
14,16 15-37 PN Force, close/push Nanoactuators
21,23 0.7-3.0 nm min~"  Speed DNA walkers
17,18,21,23 2-28 nm Step size DNA walkers
Kinesin-microtubules  30,35,36,46,48 5-8 PN Force Kinesin, in vitro
28,32,33,34,35 0.25-0.5 um st Speed Kinesin, in vitro (natural assay)
17,46,48 8 nm Step size Kinesin, in vitro (natural assay)
27,31 0.11-2.3 um st Speed, fast axonal Kinesin, in vivo
27 1.16-34.7 pms ' Speed, slow axonal  Kinesin, in vivo
35 0.38 pm s~ Speed Dynein, in vitro
36,40,42,44,45,46  0.50-0.75 pums ' Speed Microtubules, in vitro (inverted assay)
36 15-30 nm Step size Microtubules, in vitro (inverted assay)
Myosin-actin 59,61 1.4-4.0 PN Force Myosin 1II, in vitro (not processive)
60 5-15 nm Step size Myosin II, in vitro (not processive)
58 10 nm Step size Myosin II, in vivo
65 3 pN Force Myosin V, in vitro (not processive)
60,64 0.2-0.45 pm s~ Speed Myosin V, in vitro (not processive)
60 36 nm Step size Myosin V, in vitro (not processive)
60 1 pm st Speed, organelles Myosin V, in vivo
F;-ATPase 67,68 40-45 pN nm™ Force, torque Fy-ATPase, in vitro
45 PN Force (near 100% eff.)  F;-ATPase, assume 1 nm radius at -y interface
Bacteria 84 0.3-0.5 PN Force, thrust Flagellated bacterium (typical)
80,84 20-100 pm s Speed Flagellated bacterium (typical)
76 0.5 pN Force, thrust S. marcescens (about 50), 10 pm bead
76 4.7 pm s~ Speed S. marcescens (about 50), 10 pm bead
80 14.8 pm st Speed S. marcescens (about 10), 10 pm unpatterned bead
80 28.2 pum s~ Speed S. marcescens (about 10), 10 pm patterned bead
82 7 um s Speed S. marcescens, 50 pm x 100 um rectangle
83 9.15 pm s~ Speed S. marcescens, 50 pm triangle
80,82 0.45-0.48 pN Force, thrust S. marcescens, nature
76,83 20-47 pm st Speed S. marcescens, nature
78 2-5 fNm™ Force, torque M. mobile, rotor at 1.5-2.6 rpm
78 0.18 fNm* Force, torque M. mobile, nature
78 27 PN Force, thrust M. mobile, nature
78 2-5 um st Speed M. mobile, nature
84 4 PN Force, thrust MC-1, nature
84 300 pm s~ Speed MC-1, nature
81 0.05 pm s~ Speed S. typhimurium, 8 pm unpatterned bead
81 0.37 pm s~ Speed S. typhimurium, 8 pm patterned bead
Protozoa 85 2.0 mm s Speed P. caudatum
85,86 0.7-27 nN Force, thrust P. caudatum
87 200 PN Force, thrust T. pyriformis
87 786.7 pm st Speed T. pyriformis
88 40 PN Force, thrust V. convallaria
88 8.8 ems™t Speed, contractile V. convallaria
88 54 pm Step size V. convallaria
Algae 89 25.8 PN Force, thrust C. reinhardtii
90 100-200 pm s~ Speed C. reinhardtii
Single muscle cells 91 80 nN Force Cardiac cells, hydrogel-based micropillars
3.5 uN Force Cardiac cells, PDMS-based micropillars
92 1.01 uN Force, tetanus Skeletal cells, silicon cantilever
Natural and 93 25-600 uN Force Cardiac sheet, PDMS-based cantilevers
synthetic Tissues 94 20 uN Force Cardiac cluster, PDMS gear
96 1.18 mN Force Cardiac sheet, 4 stacks
99 38 pm st Speed Cardiac walker (138 pm long, 40 pm wide)
25 pm Step size Cardiac walker (138 pm long, 40 pm wide)
77.28 uN Force Cardiac walker (138 pm long, 40 pm wide)
100 140 pm st Speed Cardiac walker (400 pm front leg, 1200 pm rear leg)
101 133 pm s~ Speed Cardiac swimmer (5 mm length)
400 pm st Speed Cardiac walker (5 mm length)
104 236 pm s~ Speed Cardiac walker (7 mm length)
354 pm Step size Cardiac walker (7 mm length)

and provide translational movement of cargo."® The difficulty
lies in how to integrate these sophisticated functions to do

This journal is © The Royal Society of Chemistry 2014

specific tasks. In the following section, we take a look at the
current state of the field, from the ex vivo assembly of motor
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proteins, such as DNA, kinesin-microtubules, actin-myosin,
and F;-ATPases, to the transport and external control
of these nanoscale engineered systems for carrying out
distinct functions.

DNA motor molecules

DNA is an attractive nanodevice because of its self-assembly
properties. It has been shown previously that branched motifs
of DNA can provide components for the assembly of nano-
scale objects, links, and arrays.""'> However, switchable bio-
molecular machines can also be assembled with DNA. The
basic concept of DNA as a biomolecular actuator is based on
the fact that DNA can switch between two stable conforma-
tional states. These states can be controlled based on the
ionic composition of the medium or the presence of comple-
mentary single-stranded molecules. There have been several
successful demonstrations that harness this ability for
the construction of biomolecular actuators. Here, we describe
several different types of motion with DNA machines: (1) rota-
tion, (2) extension and folding, and (3) walking.

To achieve a rotational motion, Mao et al. assembled a
switchable molecular machine from synthetic DNA mole-
cules.”® The construct consisted of two rigid ‘arms’ of DNA
that were rotated between fixed positions. The DNA arms
consisted of ‘double-crossover’ (DX) molecules that linked to
the long central DNA strand of 4.5 double-helical turns. The
central strand had a base-paired sequence d(CG),, called a
‘proto-Z’ sequence that switched between the right-handed
helical B-conformation and the left-handed Z-state at high
ionic strength. When this conformational change occurred,
the two DX-stabilized strands rotated around their longitudi-
nal axes and twisted about 200° relative to each other. This
event was able to induce atomic displacements of 20-60 A.

To achieve a ‘scissor-like’ extension and folding motion,
Yurke et al. exploited the ability of DNA hybridization as
an energy source to power a pair of ‘nano-tweezers’
constructed from three DNA molecules."* The DNA molecules
were constructed with a rigid, double-stranded region
and two flexible, single-stranded dangling ends. When single-
stranded DNA ‘fuel’ was added, they hybridized with the
dangling ends to pull the tweezers closed. The mechanism of
movement was a change in flexural persistence length upon
hybridization, which altered the bending stiffness.'> Comple-
mentary strands that compete for hybridization of the DNA
fuel were then added to allow the tweezers to open. In similar
fashion, Simmel et al. constructed a ‘nano-actuator’ with two
strands of DNA that hybridized together to form a loop-like
structure.'® The structure had two rigid double-stranded
arms held together by one short and one long single-
stranded region. Upon hybridization, the DNA fuel pushed
the arms apart into a straightened configuration. The nano-
actuator was relaxed by adding complementary strands of the
DNA fuel.

To achieve a walking motion, Shin and Pierce developed a
very simple DNA walker based on hybridization and branch
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migration.”” The walker consisted of a DNA duplex with two
single-stranded feet. The track also consisted of a DNA
duplex with branched single-stranded extensions as binding
sites for the walker. The feet of the walker were attached to
the track by linker molecules in the solution. One of the
linker molecules was then removed by competitive binding to
free the foot for the next binding site. This was repeated
several times to move the walker distances of 5 nm per step.
Omabegho et al. constructed an autonomous DNA bipedal
walker that uses alternating DNA fuel strands to coordinate
the action of its two legs."® This leads to a “burnt bridges”
Brownian ratchet-type mechanism that irreversibly consumes
the track as the DNA bipedal walker proceeds. Each step
size in this autonomous walker design was about 28 nm.
Other DNA walkers used gears' or enzymes®*?' to facilitate
unidirectional movement, but the overall mechanisms
were similar.

Recently, DNA walkers have been developed with directional
control by sensing and modifying the tracks laid out in front of
them. Lund et al. reported a molecular ‘spider’ consisting of a
streptavidin body with three DNAzyme -catalytic legs that
performed action sequences, such as ‘start’, ‘follow’, ‘turn’,
and ‘stop’, on a DNA origami platform.>?* The step size was
approximately 2 nm per cleavage step, and the rate of spider
movement was about 3 nm min*. Muscat et al. reported a
programmable and autonomous molecular robot fueled by
DNA hybridization.** It consisted of tracks with road junctions
that had DNA anchorages. The fuels contained destination
information that moved the molecular robot forward using
the DNA anchorages in a specified sequence. This represented
the next generation in DNA walkers by demonstrating
programmable branched tracks using encoded DNA.

Kinesin-microtubule linear motor proteins

Microtubules are intracellular filaments involved in many
cell processes.” They are involved in forming the mitotic
spindle during cell division, maintaining cell structure, pro-
viding platforms for transport, and locomotion. The main
building blocks of microtubules are o- and B-tubulin, which
spontaneously bind together to form heterodimers. These
tubulin heterodimers assemble into linear protofilaments
that make up the structure of microtubules. Microtubules
are hollow tubes of 25 nm in diameter and consist of
13 protofilaments in vivo. They have polarity with the plus-
end at the side that the B-tubulins point towards and the
minus-end at the side that the o-tubulins point towards.
Microtubules provide linear substrates that motor proteins,
such as kinesin, can move along.

Kinesins are one class of motor proteins that use
microtubules as a transport system for nanoscale cargo.>®*’
Kinesins consist of two motor ‘head’ domains that are
connected to an a-helical neck by short, highly flexible neck
linkers. The neck is connected to a linear stalk that has
cargo binding sites at its ‘tail’. Each head has two separate
binding sites: one for the microtubule and the other for ATP.

This journal is © The Royal Society of Chemistry 2014



Lab on a Chip

Hydrolysis of ATP and subsequent ADP/P; release changes
the conformation of the microtubule-binding domain and
the orientation of the neck linker that results in the walking
motion of the kinesin. The walking motion proceeds in 8 nm
steps using a ‘hand-over-hand’ mechanism that puts one
motor domain before the other. The short neck linker is
important for guiding the direction of movement of cargo.
The linear stalk is important not only for binding cargo, but
also for regulating motor activity. Without cargo, kinesin is
turned off by self-inhibition.

It is not a trivial task to engineer microtubule transport
systems ex vivo, particularly in versatile geometries with inter-
sections and complex shapes. Turner et al. developed a natu-
ral microtubule motility assay by fixing microtubules onto
glass substrates with either silane®® or glutaraldehyde.*
Kinesin-coated beads in a motility buffer were introduced,
and bead movements were observed with time-lapse imaging.
In order to achieve unidirectional movement, microtubules
were oriented by anchoring the minus-end of microtu-
bules.>**' Limberis et al. demonstrated immobilization of
microtubules on a glass surface treated with VoaNT1, an anti-
body that binds specifically to the minus-end of microtu-
bules.*® Polar alignment was achieved by applying fluid
flow to the immobilized microtubules (>90% orientation).
A wide range of cargo can be selectively transported
on these highly-oriented microtubule railways, including
quantum dots (10-20 nm diameter),** polystyrene beads
(500 nm diameter),*" oil droplets (5-20 um),*® and silicon
particles (2 x 3 x 2 um).**

A unique advantage of using the natural microtubule
motility assay is the wide variety of anterograde/retrograde
motors and natural adaptor proteins to sort and transport
cargo toward either microtubule plus-ends or minus-ends.
Yokokawa et al. demonstrated bi-directional transport by
using kinesin- and dynein-coated microspheres on oriented
microtubules.>> However, the movement of kinesin and
dynein on the microtubules are only one dimensional, and
the cargo drops off once the end of the filament is reached.
Furthermore, kinesin and dynein only makes a few hundred
steps before dissociating from the microtubule. Conse-
quently, Howard et al. demonstrated an inverted microtubule
motility assay by immobilizing a bed of kinesin molecules on
glass surfaces (Fig. 1A).*® Microtubules were then perfused
into the chamber and exhibited motility. Pivots around a
single nodal point represented interaction of a microtubule
with a single kinesin molecule. A number of track designs
based on these inverted motility assays were fabricated to
guide filaments efficiently.

Hiratsuka et al. reported the first milestone of unidirec-
tional microtubule motion by using photolithography to
fabricate micro-grooved tracks.?” Since microtubules can still
travel in opposite directions, unidirectional motion was
achieved by sorting microtubules with asymmetric arrow-
shaped features. Microtubules that wandered into these
channels were forced to turn around. Similar topographical
features, such as ratchets,®® roundabouts,® and
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microchannels®® have been studied for efficient unidirec-
tional sorting.*’ The addition of overhanging walls was also
particularly effective at preventing microtubule escape from
the channels.”” Yokokawa et al used fluid flow to
orient kinesin-propelled microtubules by removing the ones
that glided upstream.”® van den Heuvel et al. steered micro-
tubules through Y-junction channels using active electrical
control.** Electric fields were able to bias the direction of
negatively-charged microtubules by bending the free leading
tips toward the next kinesin motor. While the magnitude of
the electric fields did not affect the speed of the microtubules
(0.75 um s7'), it did change the average bending of the micro-
tubule path. For cargo selection, the molecular recognition
sites of microtubules have been engineered to allow desired
cargo to be bound and transported. This is typically done by
tagging the cargo with antibodies or biotinylating microtu-
bules and coating cargo with avidin or streptavidin (Fig. 1B).
Polymeric and magnetic beads,” gold nanoparticles,*®*’
DNA,***° and viruses,”®*! have all been coupled to microtu-
bules through these linkages. Much larger cargos such
as silicon needles have also been reported.’> Furthermore,
Hiyama et al. was the first to demonstrate autonomous
loading and unloading of transported cargoes using DNA
hybridization without external stimuli.>*** Cargo loading and
unloading zones have been built for large-scale transport
applications.”””® Passing microtubules collide with cargo,
pick them up, and transport them into cargo-free areas
(Fig. 1C).

Application-oriented bio-assays that integrate many of
the aforementioned principles to capture, transport, and
detect target proteins are now in early development. Carroll-
Portillo et al. constructed kinesin ‘nanoharvesters’ using
streptavidin-coated quantum dots that served as scaffolds for
spatially-organized biotinylated kinesin and antibodies selec-
tive against TNF-0..>® These nanoharvesters were introduced
in solution and shown to move along microtubules bound to
glass coverslips. Treatment with TNF-o. and secondary
detection quantum dots showed capture and transport.
Fujimoto et al. microfabricated large parallel arrays of
nanotracks optimized to orient the microtubules' polarity for
bio-assays.”” Again, streptavidin-coated quantum dots
were employed as scaffolds for spatially-organized bio-
tinylated N-kinesin (anterograde)-dynein (retrograde) and
glutathione S-transferase (GST)-glutathione (GHT). The
motility of N-kinesin and dynein in opposite directions on
the same microtubules caused collisions that resulted in
colocalization of the quantum dots and binding interaction
of the GST-GHT conjugates. This demonstrated feasibility of
a massively parallel bio-assay analysis tool.

Actin-myosin linear motor proteins

Actin is another type of cytoskeletal filament and is impor-
tant in cell motility, cytokinesis, and cell attachment to sub-
strates by focal adhesions.”® In many ways, they resemble
microtubules. Actin filaments have polarity because their
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Fig. 1 Molecular-level biological machines. (A) A bed of kinesin molecules coated on to glass substrates can be used to guide microtubules along
patterned tracks or microchannels [reprinted from ref. 39]. (B) Molecular recognition sites of microtubules have been engineered to allow desired
cargo to be attached and transported. This is typically done by tagging the cargo with antibodies or biotinylating microtubules and coating cargo
with avidin or streptavidin. (C) Cargo loading zones have been built for large-scale transport applications. Passing microtubules collide with cargo,
pick them up, and transport them into cargo-free areas [reprinted from ref. 46].

monomers orient with their cleft toward the same end of the
filament (plus-to-minus). Their monomers also spiral
around the axis of the filament with a structure similar to a
double helix. They are highly dynamic and can polymerize
and depolymerize rapidly. Like kinesin, myosin molecules
are a class of motor proteins that bind to actin, hydrolyze
ATP, and move along the filaments. The most common
type of myosin motor is myosin II, which generates between
1.4-3.5 pN of force.”

The technologically-motivated development of classical
motility assays into devices for controlled microscale trans-
port has not been as rapid in actomyosin systems as in the
case of microtubule-kinesin. There are several reasons for
this. The most widely available myosin is myosin II, which
is not ‘processive’.’”®" This means that after one step
(ATP hydrolysis that leads to a conformational change), the
myosin detaches from the actin. This makes it almost
impossible to transport cargo along actin filaments. However,
there does exist variants of myosin that are processive
(myosin V and VI).**®® In vitro experiments for myosin V
produced mean velocities in the range of 0.2-0.45 nm s "%
It has a stall force of 3.0 + 0.3 pN at 2 mM ATP, considerably
less than the 5-8 pN observed for kinesin.®> Presently, there
have not been many reports of its use as a biological machine.
Furthermore, the stiffness of actin is much less than the stiff-
ness of microtubules. As a result, the filaments are ‘floppy’
and can maneuver around microfabricated structures easily.®®

658 | Lab Chip, 2014, 14, 653-670

Because of the helical structure of actin, myosin will follow a
helical path when actin is attached to the substrate, or actin
filaments gliding along a bed of myosin will rotate and even-
tually the cargo will inhibit its movement.

F,-ATPase rotary motor proteins

To date, F;-ATPase is probably the best understood biomolec-
ular motor. Coupled with the membrane-embedded proton-
conducting unit Fy, it forms the H'-ATP synthase that
reversibly couples transmembrane proton flow to ATP synthe-
sis/hydrolysis in respiring and photosynthetic cells. F;-ATPase
consists of a hexamer stator of alternating o and 3 subunits.
In the central cavity of the hexamer is a stalk rotor made
up of vy, 8, and & subunits. This yde-subunit rotates in
an anticlockwise direction within the af-subunit as it hydro-
lyses ATP.

Noji et al first isolated and immobilized the F;
complex on a glass surface by linking its histidine tags with
Ni**-nitrilotriacetic acid (Ni-NTA).*” Fluorescently-labeled
actin filaments were attached to the yde-subunits to visualize
its rotation directly. In the presence of ATP, the filaments
rotated for more than 100 revolutions in an anticlockwise
direction, and the rotary torque produced more than 40 pNnm ™"
under high load. Soong et al combined inorganic and
biological materials in a hybrid system by fabricating nickel
nanopropellers (length 750 to 1400 nm, diameter 150 nm)
that were attached to the yde-subunit of F;-ATPase through

This journal is © The Royal Society of Chemistry 2014
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biotin-streptavidin linkages.®® The torque on the motors were
20 and 19 pN nm ' with a rotational velocity of 8.0 and
1.1 rps for the 750 and 1400 nm propeller, respectively. The
F;-ATPase motors were mounted on nickel-capped SiO, posts
(height 200 nm) to prevent drag on the propellers due to
proximity interactions with the substrate.

A reversible on/off ‘switch’ was added to the F,-ATPase
motor to control its function and the nanopropeller rotation.
Liu et al. introduced a zinc-binding site to the of-subunit of
the motor by site-directed mutagenesis. Rotation of the nano-
propeller could then be inhibited in the presence of zinc
because it interfered with the cyclic conformation changes
that occurred during ATP hydrolysis. Removal of zinc by
chelation restored both ATP hydrolysis and nanopropeller
rotation.®® Rondelez et al. was able to control the rotational
direction of F; by attaching a magnetic bead to the y-subunit
and forcing F, to rotate clockwise against its chemical poten-
tial using magnetic tweezers.”” When the magnetic field was
removed, F; resumed its natural clockwise rotation through
ATP hydrolysis. Single motors were captured in 6 fl micro-
chambers to quantitatively measure the synthesis and accu-
mulation of ATP by forced clockwise F, rotation.

Biological actuators with single cells
or cell clusters

Unlike biomolecules, single cells and microorganisms can
self-replicate and perform multiple functions at once, such as
synthesizing organic and inorganic materials, sensing, com-
municating, converting energy, and generating mechanical
motion. They are also larger in size and can be used to power
microdevices in ways that would exceed the limits of conven-
tional microfabrication technologies. Here, we discuss a
number of cell-based biological actuators, including bacteria,
protozoa, algae, and cardiomyocytes, and describe current
efforts to control their movements externally.

Bacterial microorganisms

Several research groups have exploited the motility of bacte-
ria for bioactuation because of the unique advantages of fla-
gellar motors.”" Many types of flagellar motors have already
been well-studied.””””> Bacteria offers a degree of miniaturi-
zation of a fully-powered actuator that has not been achieved
to date. Bacterial culture is also rapid and inexpensive, draw-
ing chemical energy directly from the environment. Finally,
they are controllable en masse through different sensory
mechanisms and at wide ranges of temperatures and pH.
However, the power and architecture of a single bacterium is
limited - swarms are required to generate more thrust, and
only certain monolayer geometries, such as spheres and
cubes, have been used. Another important challenge is 3D
motion control. Swarms are not centrally connected, and
while they respond to some external stimuli, it is unclear
how this stimuli will be used to generate 3D motion control,
especially if the bacterium is tethered to the microstructure.
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Lastly, immune response must be addressed if the bacterial
microorganisms are to be used in the body.

The flagellar motors can potentially be used as pumps to
control fluid flow. Darnton et al. absorbed the cell bodies of
Serratia marcescens swarmer cells onto flat polydimethylsilox-
ane (PDMS) surfaces to form bacterial “carpets” with freely
rotating flagellar filaments.”® Tracer beads (1 pm diameter)
near the surface of the carpet were displaced, revealing linear
and rotational flow patterns. They also made simple “auto-
mobile” chips and beads by similarly absorbing the swarmer
cells to polystyrene beads (10 pum diameter) and various
PDMS geometries to demonstrate translation and rotation.
Kim et al. used these bacterial carpets in microfluidic chan-
nels to pump and mix two fluid streams.””

In addition, bacteria can be used to translate or rotate a
microdevice. Hiratsuka et al. fabricated silicon dioxide micro-
rotors and coated them with streptavidin.”® The micro-rotors
were released and attached to a silicon circular track func-
tionalized with the sialic protein, fetuin. Biotinylated
Mpycoplasma mobile bacteria were introduced, binding to the
micro-rotor and gliding unidirectionally along the track. As a
result, rotation of the micro-rotor was achieved at a rate of
2 rpm. Similarly, Sokolov et al. harnessed the collective swim-
ming of randomly moving Bacillus subtilis bacteria to
directionally rotate asymmetric gears at 1-2 rpm.”°

The transport of synthetic cargo can be achieved by selec-
tively attaching the cell bodies of bacteria to it. Behkam et al.
first proposed the method of patterning Serratia marcescens
on polystyrene microbeads using reactive ion etching.*® The
patterned beads exhibited higher average velocities of 28.2 +
10.5 um s ' compared to the velocities of unpatterned beads
(14.8 + 1.1 um s7). Similarly, Cho et al. fabricated poly(ethylene
glycol) (PEG) microbeads that were selectively-coated on
one half of the microbeads with poly-r-lysine (PLL).*' This
was meant to enhance the velocity and directionality of the
microbeads as opposed to coating the entire PEG microbead.
Salmonella typhimurium bacteria were mixed with the PEG
microbeads and allowed to attach selectively to PLL-coated
regions. The microbeads traveled at an average velocity of
0.37 pm s .

Finally, bacteria can be controlled externally to enhance
desired functionalities. Sakar et al. controlled a monolayer of
Serratia marcescens swarmer cells with galvanotaxis using
direct current (DC) electric fields.*” The swarmer cells were
blotted on the surface of SU-8 rectangular microstructures
(100 L x 50 W x 5 T) to form MicroBioRobots (MBRs). A star-
shaped trajectory with 5 destination points was fed to a feed-
back control algorithm that used the real-time location of the
MBR and the position of the next destination to control the
applied voltage at a frequency of 8 Hz. Steager et al. used
phototaxis as a switch to control a 50 um triangular micro-
structure blotted with the swarmer cells.®® After exposure of
the cells with ultraviolet (UV) light, motility temporarily
stopped until the light was removed. Finally, Martel et al.
showed directional and velocity control of a magnetotactic
bacterial strain, Magnetospirillum marine coccus (MC-1) using
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a closed-loop computer system.*® MC-1 swam in room-
temperature water at max speeds around 300 pm s ' and pro-
duced thrust forces exceeding 4 pN. This value is relatively
high compared to other flagellated bacteria with a typical
thrust force in the range of 0.3-0.5 pN.

Protozoan microorganisms

In parallel to the bacteria work, some research groups are
using complex eukaryotic microorganisms for bioactuation.
Itoh controlled the motion of Paramecium -caudatum, a
unicellular microorganism, by changing the electrical potential
gradient of the culture medium.®® The Paramecium exhibited
negative galvanotaxis, and when a DC electric field was applied,
the Paramecium aligned to the electric field and started to swim
toward the cathode at an applied electric potential gradient of
0.3 V. mm™. Using an automatic motion control program, the
Paramecium was guided along a Fig. 8 and star-shaped course,
and it was used to rotate a 1 mm micro-impeller. The
maximum swimming speed of the Paramecium was above
2.0 mm s', and the force generated was estimated to be about
27 nN. Guevorkian and Valles Jr. studied the Paramecium under
a wide range of magnetic forces to determine the maximum
propulsion force, or stall force, estimated to be 0.7 nN.%

Kim et al. used ‘artificial’ magnetotaxis to control the move-
ment of Tetrahymena pyriformis, a ciliate protozoan, with ferro-
magnetic nanoparticles and an external time-varying magnetic
field.*” Spherical iron oxide particles (50 nm diameter) were
internalized by the protozoa and magnetized. When an electro-
magnet with magnetic field strength of 2 mT was applied, the
protozoa aligned (or anti-aligned depending on the dipole) to
the field. A tracking algorithm was then used to guide a single
protozoan through a sequence of five destination points.

Another ciliate protozoan, Vorticella convallaria, has a con-
tractile stalk that is controllable by calcium concentration. In a
microfluidic PDMS device, Nagai et al. injected cells into a
chamber and cultured them for several hours until their stalks
adhered to the glass surface.*® The cells were permeabilized
using saponin to control the contractile state of the stalk
through external calcium concentration. An influx of in buffer
containing either Ca** or Ca®>"-chelators resulted in contraction
and relaxation, respectively. On average, contraction/relaxation
states took under 2 seconds to complete, with the length of the
stalks changing 40 um between each state. Extracted Vorticella
convallaria delivered high levels of force around 40 pN and a
maximum contractile velocity of 8.8 cm 5.

Algal microorganisms

Weibel et al. took it a step further by attaching cargo loads to
biflagellated algae, Chlamydomonas reinhardtii, steering the
swimming cells to a targeted location with phototaxis, and
releasing those loads with photochemistry (Fig. 2).%°
Specially-modified polystyrene beads (1 to 6 um diameter)
attached to the cells on contact. As long as the beads did not
interfere with the flagella, the cells continued to travel at
velocities between 100-200 um s ‘. McCord et al. analyzed
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the force generation of Chlamydomonas reinhardtii using opti-
cal trapping and obtained a swimming force of 25.8 + 8.3 pN
for wild-type cells.”® The loaded cells were placed in a micro-
fluidic channel with low intensity LEDs (A = 505 nm) embed-
ded at both ends. Alternating LEDs were illuminated and the
loaded cells swam back and forth with rapid phototactic
responses (<1 s). The cells could be unloaded by photo-
chemical cleavage of the modified polystyrene beads. UV irra-
diation (A = 365 nm) of the cells released the loads within 18
seconds without damaging the cells.

Single and clustered cardiomyocytes

Cardiomyocytes are very promising as bioactuators because
they are: (1) synchronous, (2) spontaneously contracting, and
(3) powered by glucose as its only energy source without
applied electrical power or stimulus.® A single cardiomyocyte
can generate at least 1 uN of force. The concept of bio-
actuators using cultured cardiomyocytes is to couple them to
polymer-based microstructures to convert chemical energy
into mechanical energy to move the structures.

Tanaka et al. fabricated arrays of PDMS micropillars using
a replica molding process and coated them with fibronectin
to promote cardiomyocyte attachment.”> Isolated from
primary neonatal rat hearts, cardiomyocytes were cultured
over the micropillars. About 80% of the pillars were coupled
with cardiomyocytes that spontaneously beat at 1.4 Hz after
the third day in culture. Contraction of the cardiomyocytes
displaced the micropillars at a calculated force of 3.5 pN.

Park et al fabricated arrays of PDMS microcantilevers
using a sandwich molding process and coated them with a
fibronectin-gelatin mixture.”> Cardiomyocytes were seeded
on the microcantilevers and contractile forces caused them
to deflect. Using analytical and numerical analysis, the con-
tractile force of the cardiomyocytes on the microcantilevers
was 2-5 nN um™2. This was improved to 7-10 nN um™> by fab-
ricating grooves on the microcantilevers. Thus, on their larg-
est PDMS microcantilever with dimensions 150 x 750 pm,
cardiomyocytes would be able to generate upwards of 1 mN
peak forces.

Kim et al. developed a PDMS microgear using a sandwich
molding process.”® Poly(ethylene glycol) PEG microwells were
patterned onto a glass substrate and the microwells were
coated with collagen. The collagen selectively absorbed to the
exposed glass. Small aggregates of cardiomyocytes were
seeded on the microwells and had an estimated contractile
force of 9.06 mN mm™ (about 6 cells). A peak contractile
force of 20 uN was measured. The PDMS microgears were
gently attached to these cell aggregates. However, the authors
did not show directional movement of the gears by contrac-
tion of the cardiomyocyte aggregates.

Biological actuators with natural and
synthetic tissues

While biomolecules and unicellular microorganisms are
being extensively studied as bioactuators, there is
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B Cargo Release (Photocleavage)

Fig. 2 Cellular-level biological machines. (A) Specially-modified polystyrene beads (1 to 6 um diameter) were attached to biflagellated algae on
contact. The cells were able to transport the beads at velocities of 100-200 um s and could be controlled through phototactic responses using
low intensity LEDs (A = 505 nm). (B) The cells could be unloaded by photochemical cleavage of the modified polystyrene beads. UV irradiation
(L = 365 nm) of the cells released the loads within 18 seconds without damaging the cells [reprinted from ref. 89].

surprisingly little effort directed towards the creation of bio-
actuators with tissues and other complex hierarchies.
Although single or small clusters of cells can drive micro-
scale structures, it is difficult to do this for higher-ordered
structures. Nature provides an elegant solution by forming
complex hierarchies of tissues using cells as building blocks.
This hierarchy of increasing complexity is tied to an increase
in functionalities. Based on active and passive self-
organization principles, it has been demonstrated that more
complex hierarchical structures can work as bioactuators for
improved functional performance. In this last section, we
focus on research related to mammalian-derived cardiac- and
skeletal-based tissues and also the early development of
insect-derived dorsal vessel-based tissue as bioactuators.

Cardiac muscle-based tissues

The assembly of cell sheets of cardiomyocytes can be
harnessed to generate larger forces and be used to drive more
complicated structures or fluids. One method that garnered a
lot of attention was the use of temperature-responsive poly-
mers functionalized with cell-adhesive ligands to culture cell
sheets of cardiomyocytes. Shimizu et al. uniformly grafted
poly(N-isopropylacrylamide) (PIPAAm) on polystyrene culture
dishes by irradiation with an electron beam.’® PIPAAm is a
thermo-responsive polymer that shows remarkable changes
in swelling by changing its temperature. Above 32 °C,
PIPAAm was compact and hydrophobic. Cells were able to
adhere, grow, and form sheets on these surfaces. When the
temperature was lowered, PIPAAm became hydrophilic and
swollen. As a result, the cell sheets detached from the surface
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of the polymer (Fig. 3A). The cell attachment and adherence
were prevented by the difficulty of displacing adsorbed water
molecules on highly hydrated hydrophilic surfaces. The
advantage of this technique was that only the connection
between cell adhesive proteins and the PIPAAm surface was
broken, and the cells remain connected together as a cell
sheet. Cell sheets of cardiomyocytes grown using this method
kept their cell-cell junctions, remained synchronous, and
could be overlaid for increased contractility.”® Contraction of
4 monolayers stacked on top of each other produced 1.18 +
0.26 mN of force measured with a strain gauge.

While microdevices are usually powered by external
energy sources, cell sheets of cardiomyocytes can be used to
create self-actuated, wireless, and mechanochemical trans-
ducers that require no externally coupled energy source or
stimuli. Tanaka et al. developed the first demonstration of a
micropump powered by a cell sheet of cardiomyocytes.”” A
square microchip (2 x 2 cm) consisted of four PDMS-based
elements: a push-bar, a chamber layer, a diaphragm mem-
brane, and a microchannel layer with two holes for fluid
transfer. A cell sheet of cardiomyocytes was layered on top of
the push-bar and diaphragm. Spherical polystyrene tracking
particles (1 pm diameter) were dispersed in the medium,
and spontaneous, oscillating fluid motion was observed by
their movement with optical microscopy. The fluid oscillat-
ing frequency was 0.7 Hz with 150 pm maximum linear dis-
placement of tracking particles. Directional fluid flow was
demonstrated with check valves, but only flow rates of 2 nL. min™
were achieved. The same group recently improved on their
method by wrapping a sheet of functional primary
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Fig. 3 Tissue-level biological machines. (A) Cardiomyocytes can be grown on thermo-responsive polymers called poly(N-isopropylacrylamide)
(PIPAAm) to form a 2D cell sheet. These sheets can be detached intact by lowering the temperature below 32 °C [reprinted from ref. 95]. (B) The
cell sheet of cardiomyocytes can be wrapped around a hollow PDMS sphere with inlet and outlet capillary tubes to engineer a bio-artificial hybrid
pump. Oscillating fluid motion in the capillary was monitored by polystyrene tracking particles. The maximum observed linear displacement of
tracking particles was 70 um (1 to 2) [reprinted from ref. 98]. (C) Photolithographic techniques were used to fabricate a silicon microdevice with a
chromium/gold layer. A sheet of cardiomyocytes was cultured on the beam and their contractions caused the beam to break from the rest of the

device. This allowed the structure to “walk” freely [reprinted from ref. 99].

cardiomyocytes around a hollow PDMS sphere with inlet and
outlet capillary tubes to engineer a bio-artificial hybrid pump
(Fig. 3B).”® The sphere is strained by the collective contrac-
tile motions of the attached cardiomyocyte sheet, and the
fluid volume inside the hollow sphere chamber is reduced,
producing flow into the capillary. The chamber diameter is
millimeter-order (5 mm diameter); the -capillaries are
micrometer-order (200 um inside diameter); the PDMS elas-
tomer membrane is micrometer-order (250 pum thick). Oscil-
lating fluid motion in the capillary was monitored by
polystyrene tracking particles. The fluid oscillating frequency
measured at 37 °C was 0.4 Hz and the maximum observed
linear displacement of tracking particles was 70 pm. The
expected flow rate was 47 nL min ', which was an improve-
ment to the previous design.
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Besides bioactuators that act like pumps to direct fluid
flow, there has also been growing interest in creating
structures that swim or walk with a sheet of cardiomyocytes.
Xi et al. developed a microdevice using a silicon backbone
with self-assembled cardiomyocytes grown on a chromium/
gold layer.”® They used photolithographic techniques to fabri-
cate a micron-sized, self-assembled, and self-actuated walk-
ing bio-microactuator powered by cardiomyocyte muscular
tissue. The muscle-bundle contraction force was reported to
be 14 mN mm?®. Cardiomyocytes were aligned on a patterned
film of Cr/Au, which was attached to a thin Si beam. After the
microdevice was released from the PIPAAm coating, muscle
contractions caused the beam to break from the rest of the
device. This allowed the structure to “walk” freely (Fig. 3C).
The leg dimensions were 138 um long, 40 um wide, and
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20 nm/300 nm (Cr/Au) thick; the average step frequency was
1.8 Hz and its average maximum step size was 25 um; the
maximum speed was 38 pum s . Kim et al. established a
swimming microrobot by micromolding PDMS.'” Using
cardiomyocytes, cells were seeded on top of four conjoined
cantilever beams that were grooved to influence the align-
ment and enhance their contractility relative to flat beams.
An increase in force (88%) and bending (40%) was recorded,
with an average swimming speed of 140 um s™".

Feinberg et al assembled cardiomyocytes on various
PDMS thin films with proteins to create muscular thin
films (MTFs)."” When released from thermoresponsive
polymers, the thin films curled or twisted into 3D conforma-
tions that purportedly performed gripping, pumping, walking
(133 um s7'), and swimming functions (400 um s). The MTFs
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generated specific forces as high as 4 mN mm™. Recently,
MTFs were used to reverse-engineer jellyfish-like constructs,
dubbed “medusoids”, by studying the structural design, stroke
kinematics, and fluid-solid interactions of the Aurelia aurita
moon jellyfish (Fig. 4A)."> The artificial jellyfish, dubbed
“medusoids”, were composed of a bilayer of living muscle
tissue and synthetic elastomer arranged in freely moveable
lobes around a central disc. Medusoid propulsion, like that of
jellyfish, was externally-driven by electrically-paced power and
recovery strokes that alternately contracted the body into a
quasi-closed “bell” and then relaxed into the open lobed form.
Qualitative and quantitative comparisons of jellyfish and
medusoid propulsion showed that the engineered system was
able to replicate the momentum transport and body lengths
traveled per swimming stroke of the natural system.

Jellyfish muscle

Medusoid muscle

t/T = 0.45 t/T=06 t/T=08 t/T=1.0

“Bio-Bot”

Fig. 4 Tissue-level biological machines. (A) A cell sheet of cardiomyocytes was grafted on PDMS thin films with carefully designed geometry and
organized cells to mimic the swimming motion of jellyfish [reprinted from ref. 102]. (B) A walking “bio-bot” was constructed with a 3D printer by
assembling layers of hydrogels and seeding cardiomyocytes on the backside of the ‘bimorph’ cantilever [reprinted from ref. 104].
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Our group modified a 3D printer'®® for the assembly of
“bio-bots”'** with poly(ethylene glycol) (PEG) hydrogels and
neonatal rat cardiomyocytes. The bio-bots consisted of a
‘biological bimorph’ cantilever structure as the actuator
to power the bio-bot, and a base structure to define the
asymmetric shape for locomotion. The cantilever structure
was seeded with a sheet of contractile cardiac muscle cells
on a variably-thick hydrogel layer. The thickness of the
hydrogel layer and cytoskeletal tension from the cell sheet
on the collagen-functionalized hydrogel determined the
degree of curvature of the cantilever structure. When
cardiomyocytes were seeded on the bio-bots, the contractile
forces generated a power stroke that propelled the bio-bots
forward (Fig. 4B). The physical (i.e. geometry and stiffness)'*
and chemical (ie. growth factors and adhesive groups)
cues were spatially controlled with the 3D printer. The elastic
properties of the bio-bots were tuned similar to that of
neonatal rat cardiomyocytes to maximize their contractile
force.'® The maximum recorded velocity of the bio-bot was
236 um s ', with an average displacement per power stroke
of 354 um and average beating frequency of 1.5 Hz.'**

106

Skeletal muscle-based tissues

There is considerable interest in using skeletal muscle as a
cell source for bio-bots and other cell-based bio-actuators
because of the favorable attributes not available in cardiac
muscle.® In the body, skeletal muscle facilitates movement by
applying forces against bones and joints. The organization
of the muscle is modular, having many longitudinally-
aligned, multinucleated muscle fibers assembled together by
connective tissue to form a densely-packed structure.’
Recruitment of these fibers can be finely controlled by the
nervous system, which innervates individual muscle fibers at
localized regions.” By adjusting the number of contractile
muscle fibers and the tension developed collectively, the ner-
vous system can regulate graded muscle response for con-
trolled movement.

To date, there are only a few published reports on the
utilization of 2D skeletal muscle as bioactuators. The
majority of applications investigated active tension of single
or clusters of skeletal myotubes cultured on silicon,**”
collagen films,""" and PDMS""? cantilevers. In 3D, there are
two current methods for engineering bioartificial skeletal
muscle: (1) 2D-to-3D, and (2) 3D-to-3D. The first method was
developed by Strohman et al.'™® and later refined by Dennis
and Kosnik."'*'* 1t consisted of myotubes, fibroblasts, cell-
secreted ECM, and synthetic tendons. The beauty of this
approach was that it did not require a pre-existing scaffold.
Briefly, PDMS was set in a culture dish, and absorbed with a
thin layer of laminin. Synthetic tendons were fixed at
opposite ends and at a desired distance apart. Cells of
myoblasts and fibroblasts were seeded, and upon reaching
confluence, the medium was switched from growth to
differentiation. After 2-3 weeks, the monolayer of myotubes
would detach and self-organize to form a 3D muscle strip,
dubbed ‘myooids’. Huang et al. later modified the method
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to improve the speed of myooid formation.'® Lam et al
used wavy PDMS substrates to align the myotubes in
the myooids."”” The second method was developed by
Vandenburgh et al.,'*® although many variations exist."**"**
It typically consisted of a pre-existing scaffold in 3D, either
derived naturally (most common) or synthetically. Myoblasts
with or without fibroblasts were embedded in the 3D scaffold
and casted in molds. The molds were there for 3D scaffolds
compacted by cells to retain certain shapes, such as strips'**
and rings."*® Vandenburgh et al formed skeletal muscle
strips by microposts to measure maximum tetanic force of
about 45 uN after 7-12 days of differentiation.'** Fujita et al.
formed skeletal muscle rings by magnetite-incorporation in
skeletal myoblasts to produce about 1 puN of force when
electrically-stimulated after 5-8 days of differentiation.'*
Yamamoto et al. later used this same technique with micro-
posts to record 33.2 uN of twitch force.'*® Herr and Dennis
demonstrated a swimming robot actuated by living skeletal
muscle (Fig. 5A).">” It was actuated by two explanted frog
semitendinosus muscles and controlled by an embedded
microcontroller with muscle stimulators. Using open loop
stimulation protocols, the robot performed basic swimming
maneuvers such as starting, stopping, turning (400 mm
radius), and straight-line swimming (>1/3 body lengths per
second). The robot swam for a total of 4 hour over a 42 hour
lifespan before its velocity degraded below 75% of its max.
The length of the robot is nearly 80 cm long.

Consequently, skeletal muscle can be used in bio-bots and
other bio-actuator designs to reversibly switch locomotion
on/off by neural signals, to regulate displacement and pacing
by altering the combined contractile force, and to generate a
wide range of motion by localized innervation of muscle
fibers. Optical methods have been developed to depolarize or
hyperpolarize neurons using specific wavelengths of light.,"***3°
This method, known as ‘optogenetics, combines the
temporal and spatial precision of light pulses with cellular
specificity of genetic targeting. The general strategy of optog-
enetics involves introducing a light-sensitive protein, such as
channelrhodopsin-2 (ChR2, discovered in green algae) to a
specific cell type, illuminating the cells with defined spatio-
temporal parameters, and obtaining reliable readout of the
cellular behavior."*" This past year, the method was applied
to cardiac">'*® and skeletal**'** muscle cells to rhythmi-
cally control their contractions. It was also used to locally
innervate specific regions of muscle tissue to generate
movement in multiple degrees of freedom (multi-DOF).
Overall, the advantage of optogenetics is its fast, precise, and
local stimulation of cells and tissues, relative to electrical
stimulation.

Furthermore, several research groups are developing
methods to direct heterotypic cell-cell interactions between
neurons and muscle cells, which can be used to regulate
muscle contraction through neuromuscular junctions.'**%°
Neurons can drive the synthesis of neurotransmitters that ini-
tiate action potentials and activate muscle contraction. More
recently, Kabumoto et al developed a prosthetic-like
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Fig. 5 Tissue-level biological machines. (A) Two explanted frog semitendinosus muscles (M) were attached by sutures (s) to a swimming robot for
actuation. The robot was controlled by an embedded microcontroller with muscle stimulators. Basic swimming maneuvers such as starting,
stopping, turning (400 mm radius), and straight-line swimming (>1/3 body lengths per second) were demonstrated [reprinted from ref. 127].
(B) The muscular power from dorsal vessel tissues (DVTs) of insects can also be used as actuators and are robust between 5-40 °C. DVTs from the
larvae of lepidopteran inchworms (Ctenoplusia agnate) were fixed between micropillars of a “polypod microrobot” (PMR) made out of micromolded
PDMS, which moved at 3.5 + 0.7 um s * with a contractile force of 20 pN. Electrical stimulation could be applied at 10 V with 20 ms durations and
50 ms delays to regulate contractility and force output [reprinted from ref. 142].

microdevice with living skeletal tissue.'”® The microdevice
was molded from PDMS in the shape of a ‘micro-hand’ grip-
per, and the 3D-to-3D skeletal tissue was anchored to two pil-
lars on the gripper. Surface electromyogram signals from a
subject's hand movement generated electric pulses into the
culture medium of the gripper that triggered skeletal tissue
contraction. The displacement between the two pillars was
only on the order of a few micrometers, but the overall
demonstration of skeletal tissue control was promising.
Functional performance should continue to improve as new
advances in skeletal muscle tissue engineering emerge.

Insect dorsal vessel-based tissues

Research groups are also beginning to take advantage of the
muscular power from the dorsal vessels of insects to power
actuators because of their robustness between 5 and 40 °C.
The dorsal vessel of insects is the major structural compo-
nent of an insect's circulatory system. It is a tube that runs
longitudinally through the thorax and abdomen, along the
inside of the dorsal body wall. In the abdomen, the dorsal
vessel is called the heart, and it has valves and musculature
that contract autonomously. Akiyama et al. removed the
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dorsal vessel tissue (DVT) from the larvae of lepidopteran
inchworms (Ctenoplusia agnate) and fixed them between
micropillars of a “polypod microrobot” (PMR) made out of
micromolded PDMS (12.5 L x 1.35 W x 0.2 T mm dimensions)
(Fig. 5B).""" The PMR moved at 3.5 + 0.7 um s ' with a
contractile force of 20 uN. Electrical stimulation could be
applied at 10 V with 20 ms durations and 50 ms delays to reg-
ulate contractility and force output. In a separate study,
dorsal vessel tissue of Drosophila melanogaster larvae were also
excised and demonstrated to contract on their micropillars at
1.6 Hz with a contractile force of 197 nN."*?

Conclusion

This review highlights the recent advancements in the emerg-
ing field of bioactuators across a multitude of length scales,
including biomolecules, cells and microorganisms, and
tissues. Clearly, there is an emphasis on closing the feedback
loop between the biological and engineering worlds, and to
use biological systems to improve engineering ones. However,
despite the significant progress in the last few years, there
are still plenty of opportunities to explore and challenges to

overcome. In addition, this review is limited to one
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functional element, that of actuation. There are a number of
other elements to be developed, such as sensing, information
processing, protein expression, and transport. It is the reali-
zation and utility of all of these functional elements, either
alone or combined, that will have significant impact in
health, security, and the environment. These bioactuators
represent one key component in this grand vision, and future
developments will depend on an integrated approach to com-
bine them in an effort to perform prescribed tasks.
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