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Complex biological systems sense, process, and respond to their
surroundings in real time. The ability of such systems to adapt
their behavioral response to suit a range of dynamic environ-
mental signals motivates the use of biological materials for other
engineering applications. As a step toward forward engineering
biological machines (bio-bots) capable of nonnatural functional
behaviors, we created a modular light-controlled skeletal muscle-
powered bioactuator that can generate up to 300 pN (0.56 kPa) of
active tension force in response to a noninvasive optical stimulus.
When coupled to a 3D printed flexible bio-bot skeleton, these
actuators drive directional locomotion (310 pm/s or 1.3 body
lengths/min) and 2D rotational steering (2°/s) in a precisely tar-
geted and controllable manner. The muscle actuators dynamically
adapt to their surroundings by adjusting performance in response
to “exercise” training stimuli. This demonstration sets the stage
for developing multicellular bio-integrated machines and systems
for a range of applications.

bioactuator | stereolithography | tissue engineering | soft robotics

U nderstanding complex biological systems requires uncover-
ing the mechanisms through which integrated multicellular
networks accomplish sensing, internal processing, and coordinated
action in response to dynamic environmental signals. Attempting
to reverse engineer these mechanisms for applications in re-
generative medicine has been the focus of the burgeoning field of
tissue engineering (1), and seminal advances in this field have tar-
geted nearly every organ system in the body (2). These develop-
ments, in addition to improving the state of the art in therapeutics,
have furthered our understanding of the design principles governing
the organizational structure and function of natural biological
systems. With this as a guide, we are ideally poised to start forward
engineering biological machines, or bio-bots, capable of complex
controllable nonnatural functional behaviors, thereby broadening
the potential applications for building with biological materials.
Before we can design bio-integrated machines for a range of
applications, we must first engineer modular tissue building
blocks that respond to external signals with complex functional
behaviors. Observing and controlling the coordinated action of
such building blocks in series and parallel will help us understand
the emergent behavior of natural biological systems (3, 4).
Nearly all machines require actuators, modules that convert
energy into motion, to produce a measurable output in response
to input stimuli. Efforts to manufacture bio-integrated actuators
have targeted a range of cell types (5), including flagellated bacteria
(6), cardiac muscle (7-9), and skeletal muscle (10-12). We pre-
viously demonstrated a millimeter-scale soft robotic device, or bio-
bot, that uses the contractile force produced by electrically paced
skeletal muscle to drive locomotion across a substrate (10). This
bio-bot was the first demonstration of an untethered locomotive
skeletal muscle powered biological machine and set the stage for
building hierarchical actuators inspired by natural systems. How-
ever, like other previous demonstrations of bio-integrated machines,

www.pnas.org/cgi/doi/10.1073/pnas.1516139113

the actuator was coupled to the surrounding device and did not
allow for unrestricted use in a variety of design applications. A
significant step forward in this field thus requires a modular
bioactuator that demonstrates a variety of controllable and tunable
functional behaviors in response to a noninvasive external signal.
Here, we present a bioactuator that can be coupled to many
different mechanical bio-bot skeletons to provide a desired con-
tractile force output. Two major design advances enable forward
engineering bio-bots capable of more complex behaviors: (i)
skeletal muscle cells are transduced to express a light sensitive
cation channel, using an existing protocol (these optogenetic
cells demonstrated controlled contractility in response to non-
invasive and spatiotemporally precise optical stimuli); and (i)
muscle actuators are redesigned as “rings” that can be readily
coupled to a variety of bio-bot skeleton designs. The resulting
bioactuators produced paced active tension forces approaching
300 puN per muscle ring. Implementing these rings as the power
source in untethered bio-bots enabled directional locomotion at
average speeds of 310 pm/s (1.3 body lengths/min) in response to
optogenetic stimulation at 2 Hz. The precise spatiotemporal
stimulus provided by optogenetic control also enabled the
demonstration of rotation and 2D steering in a muscle-powered
device, with average rotational speeds of 2°s (120°/min). Fur-
thermore, “exercise training” of muscle rings with dynamic op-
tical stimuli and static mechanical stimuli during differentiation
resulted in a significant increase in functional performance,
with generated forces being ~550% greater in exercised muscle
rings compared with a control. These advances in design and

Significance

Understanding the design rules that govern the structure and
function of natural biological systems gives us the ability to
forward engineer machines integrated with and powered by
biological components. Such machines, or “bio-bots,” can
sense, process, and respond to dynamic environmental signals
in real time, enabling a variety of applications. Here we pre-
sent a modular optogenetic muscle actuator used to power
actuation and locomotion of 3D printed flexible skeletons.
Observing and controlling the functional response of such
muscle-powered machines helps replicate the complex adap-
tive functionality we observe in natural biological systems.
This demonstration thus sets the stage for building the next
generation of bio-integrated machines and systems targeted
at a diverse array of functional tasks.
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implementation of modular muscle actuators thus set the stage
for building hierarchical multicellular bio-integrated machines
and systems for a range of applications. Primary applications in
medicine include noninvasive drug delivery and design of dy-
namic multifunctional implants.

Results

Design and Fabrication of Optogenetic Muscle Ring-Powered Bio-
Bots. In vivo, muscle is anchored to bone via tendons, and the
concerted contraction of sarcomeres acting in parallel along a
muscle fiber drives articulation of bones across joints. We designed
and 3D printed a poly (ethylene glycol) diacrylate (PEGDA)
hydrogel skeleton composed of two pillars (artificial tendons)
that connect the muscle to a flexible beam (articulating joint) to
mimic in vivo structure (Fig. S14). We then 3D printed a PEGDA
“ring mold” that served as a template for the formation of a
muscle ring. To enable comparisons to our previous muscle strip
design (10), we also manufactured a strip mold (Fig. 14).

Optogenetics, the method of genetically engineering light-
responsive cells, enables noninvasive external control over cellular
function (13). Ion channels that respond to light stimuli have been
implemented in a variety of applications that require cellular
manipulation. Although the seminal studies in this field were
performed on neurons, recent studies have demonstrated opto-
genetic approaches to control other cell types, including skeletal
muscle (12). To implement optogenetic control of our muscle ac-
tuators, we used an existing lentiviral transduction protocol to
engineer C2C12 murine myoblast cells with a mutated variant of
the blue light-sensitive ion channel, Channelrhodopsin-2 (ChR2),
namely ChR2(H134R) (Fig. 1B). Transduced cells, labeled with
a tdTomato tag, were selected using FACS to maximize ex-
pression of ChR2(H134R). Multinucleated myotubes differen-
tiated from these myoblasts were anticipated to demonstrate
paced contractility in response to an external light stimulus of
470-nm wavelength.

Optogenetic myoblasts were combined with a solution of
Matrigel basement membrane, fibrinogen, and thrombin (Fig. 1C).
This cell/gel solution, designed to mimic native extracellular

AStereuIilhographi: 3D Printing of Injection Molds & Bio-Bot Skeleton B Engineering Optogenetic
C2C12 Myablasts

Scanning

Mirrors Lasee

- 470 nm

7 I‘ ‘él Fluorescent
s \ Y Tag

3MM Gmm e 2mm y @

TmmS

Strip Mold

Strip Mold + Bio-Bot -
...... ¥ C Formulate Cell/Gel Solution
...... 1mm z
P 3 1E7 cells/mL (5) +30% Matrigel
Motorized Stage % 2 +4mg/mL Fibrinogen
Gn:'m\l.-‘}. ;‘r:m +0.5 units/mg-Fibrinogen Thrombin «

Injection Mold Muscle Strip E Transfer Muscle Ring to F Characterize Muscle

B/ Sasroe i Bio-Bot Skeleton _, Ring Thickness
Fiese |, 5|l s E.l

F . 5 é & \.'é’..*:f

p s e

K Al S 54

Injection Mold Muscle Ring

Muscle
Compaction

Fig. 1. Design and fabrication of optogenetic muscle ring-powered bio-
bots. (A) Stereolithographic 3D printing is used to fabricate ring and strip
injection molds and bio-bot skeletons from a PEGDA photosensitive resin.
(B) C2C12 myoblasts are engineered to incorporate a mutant variant of the
blue-light sensitive cation channel, Channelrhodopsin-2, in the cell mem-
brane. The ion channel is tagged with a red fluorescent tdTomato tag.
(C) Optogenetic myoblasts embedded within a natural hydrogel matrix.
(D) Injection molding of cell/gel solution into muscle strip and ring molds.
(E) Manual transfer of muscle rings from the injection mold to the bio-bot
skeleton (Movie S1). (F) Optimization of muscle ring thickness as a function
of cell concentration.
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matrix, was injected into the molds, and traction forces exerted
by embedded cells drove self-assembly into densely packed
muscle strips and rings (Fig. 1D). Muscle strips formed around
(and thus were permanently tethered to) the bio-bot skeletons.
Muscle rings were manually transferred to bio-bot skeletons 1 d
after seeding (day 1) (Fig. 1E, Fig. S2, and Movie S1). This process
allowed for mechanical coupling of the actuator to the device
while still preserving modularity of design, because muscle rings
could be transferred to any of a wide variety of mechanical
skeletons. To simplify manual transfer, bio-bot skeletons were
chemically tethered to an underlying glass slide during transfer
and mechanically released from the slide on day 2 after seeding.
Both muscle strip and ring devices were cultured in growth
medium (DMEM + 10% FBS) containing the fibrinolytic in-
hibitor aminocaproic acid (ACA) for 3 d to induce cell pro-
liferation. They were then transferred to differentiation medium
[DMEM + 10% horse serum (HS)] containing ACA on day 4 to
drive fusion of individual myoblasts into multinucleated myo-
tubes with mature contractile sarcomeres. This medium was
supplemented with human insulin-like growth factor (IGF1) to
accelerate the differentiation process and induce muscle hyper-
trophy (10, 14).

The thickness of engineered muscle tissue is dependent on the
formulation of the cell/gel solution. Until a certain lower limit,
higher concentrations of cells and fibrin form thinner muscle
rings that lead to more densely compacted tissue. Beyond this
limit, increasing the cellular and fibrin concentration cannot
reduce the muscle tissue thickness further, as the embedded cells
and fibrin network occupy a finite volume. The thickness of
muscle rings was thus used as a metric to select cell/gel solution
formulations that would maximize muscle tissue compactness
and cellular density (Fig. 1F and Fig. S34). This characterization
of optimal muscle dimensions coupled with the modularity of the
ring design enabled forward engineering of many types of ma-
chines including larger scale bio-bots, bio-bots powered by
multiple muscle rings, and multilegged bio-bots (Fig. S3 B-D).

Characterization of Optogenetic Muscle Ring Force Output. Macro-
scale muscle contraction is the sum of many microscale con-
tractions of individual myotubes acting in parallel. Aligning the
axis of contractility for myotubes within muscle is thus critical to
observing large combined forces. We performed immunofluo-
rescence staining on muscle rings to observe the distribution of
the mature muscle marker, myosin motor protein. A fast Fourier
transform (FFT) algorithm was used to determine local align-
ment (Fig. 24). Myotubes in muscle rings are aligned at 90° in
regions parallel to the bio-bot beam (Fig. 24-7) and shift in
alignment around the edges of the skeleton with smaller peaks at
90° and a larger peaks at 45° (Fig. 24-2) and 135° (Fig. 24-3),
respectively. This analysis reveals a high degree of local align-
ment along the axis of tension imposed by the mechanical con-
straint of the bio-bot skeleton.

We performed a closer inspection of muscle ring architecture
in the region represented in Fig. 24-2 via multichannel fluores-
cence imaging of DAPI cell nucleus marker, the ChR2 tdTomato
tag, and the immunostained myosin marker (Fig. 2B). Cells were
evenly distributed throughout the muscle ring and expressed the
tdTomato marker for optogenetic ion channels, indicating that
they could be expected to generate functional contractile re-
sponses to blue light stimulation. Scanning electron microscopy
imaging likewise showed densely compacted and evenly distrib-
uted myotubes with a high degree of local alignment (Fig. 2C). A
cross-section image of the muscle ring was used to verify that
hierarchical organization of muscle architecture and alignment
was preserved in 3D (Fig. 2D).

To measure the passive tension force exerted by both muscle
strip and muscle ring devices, we used Euler-Bernoulli beam
bending theory to correlate bio-bot skeleton deformation with
muscle force production. On average, passive tension forces for
muscle strip and ring devices were not significantly different,
with muscle strips exerting passive tension forces of 1,940 +
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Fig. 2. Characterization of muscle ring architecture. (A) Alignment of
myotubes within various regions of muscle rings assessed via FFT analysis of
fluorescent myosin marker. Fluorescence image (Upper Left), FFT (Upper
Right), and normalized gray value of the FFT as a function of angle (Lower
Left) are presented for three regions of muscle rings, shown as green
highlights on a whole device (Lower Right). (B) Multichannel fluorescence
imaging of DAPI cell nucleus marker, the optogenetic ChR2 tdTomato tag,
and the MF-20 myosin marker imaged via confocal fluorescence microscopy
and presented as a merged 3D stack. (C) Scanning electron microscopy im-
age of muscle ring surface. (D) Cross-section of fluorescent immunostained
muscle ring, showing uniform distribution of mature functional myotubes
throughout the entire cross-section.

350 pN and muscle rings exerting passive tension forces of
1,710 + 230 pN on day 9 after seeding (Fig. S44). This force
corresponds to a passive tension stress of 1.6 + 0.3 kPa for
muscle strlps which had average cross-sectional areas of 1.2 +
0.04 mm? (n = 3), and 3.2 + 0.4 kPa for muscle rings, Wthh
had had average cross-sectional areas of 0.54 + 0.06 mm? (n =
3). These stress values are comparable to those previously
reported for tissue engineered skeletal muscle (10, 12, 15).
Mature muscle was stimulated optically and electrically using
custom-built apparatus (Fig. 34), and a Kelvin-Voigt viscoelas-
ticity model was used to correlate contraction-induced dis-
placement of bio-bot skeletons to active tension forces produced
by engineered muscle. Optical stimulation of muscle strip and
ring devices at 1, 2, and 4 Hz with 50-ms pulses produced paced
contractions (Fig. S4B) and physiological force-frequency re-
sponse behavior (Fig. 3 B-1 and C-1), where the dynamic fluc-
tuation of active tension force reduced with increasing frequency.
As with native skeletal muscle at high frequency stimulation, the
passive tension baseline increased during the stimulation period,
indicating that the muscle was not allowed to fully relax from one
received stimulus before the next received stimulus. For muscle
strips, forces produced by optical stimulation (45 + 11, 32 + 12, and
25 + 12 pN at 1, 2, and 4 Hz, respectively) are significantly lower
(Fig. 3B-2) than those produced by electrical stimulation (195 +
19, 112 + 26, and 88 + 30 uN at 1, 2, and 4 Hz, respectively). By
contrast, there was no significant difference between optical and
electrically stimulated active tension forces in muscle rings (Fig.
3C-2). At stimulation frequencies of 1, 2, and 4 Hz, optical stimu-
lation of rings produced active tension forces of 195 + 7.3, 114 + 8.1,
and 110 + 16 pN, respectively, whereas electrical stimulation pro-
duced active tension forces of 185 + 17, 117 + 19, and 119 + 6.7 pN.
This difference in functional performance of optogenetic
muscle strips and rings is explained by an analysis of the effective
penetration depth (500-740 pm) of 470-nm light into biological
tissue (16, 17). Although muscle strips had maximum thicknesses
up to 1,200 pm, the densely compacted muscle ring actuators
were less than 700 pm thick (Fig. 1D). Hence, light stimulation of
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muscle rings excited a larger number of myotubes than in muscle
strips, resulting in greater force production. This principle was
verified by demonstrating that increasing light energy density
increased muscle ring functional performance (Fig. S4C). A
maximum energy density of 1.9 mW/mm? was used for all ex-
periments, a value that falls within the range of saturation in-
tensity values reported in the literature on optogenetic cells (12,
18, 19). Electrical stimulation of muscle strips and rings revealed
comparable active tension force production for both designs,
indicating that similar numbers of myotubes were recruited in
each case (Fig. S4D). When normalized by cross-sectional
area, however, muscle rings produced significantly greater active
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Fig. 3. Optically stimulated actuation of muscle strips and rings. (A) Ap-
paratus used to optically stimulate engineered muscle. (A-7) 470-nm light is
focused on to bio-bots at a maximum intensity of 1.9 mW/mm?2. (A-2) At the
microscale, light stimulation induces contraction of individual myotubes. The
coordinated contraction of several sarcomeres produces observable macro-
scale contraction. (B) Active tension force produced by muscle strips (day 12).
(B-1) Active tension force tracked over time for a representative muscle strip.
Inset of 4-Hz stimulation over 2 s shown for clarity, with a dashed blue line
indicating the stimulus pulse train. (B-2) Active tension force compared be-
tween optical and electrical stimulation of muscle strips (P < 0.05, n = 3, one-
way ANOVA, post hoc Tukey test). (C) Active tension force produced by
muscle rings (day 12). (C-7) Active tension force tracked over time for a
representative muscle ring. Inset of 4-Hz stimulation over 2 s shown for
clarity, with a dashed blue line indicating the stimulus pulse train. (C-2)
Active tension force compared between optical and electrical stimulation of
muscle rings (P < 0.05, n = 3, one-way ANOVA, post hoc Tukey test). All data
are presented as mean + SD.
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tension stresses with a maximum of 0.34 + 0.03 kPa at 1-Hz
stimulation compared with muscle strips, which produced active
tension stresses of only 0.16 + 0.02 kPa.

Optimizing Functional Performance of Optogenetic Muscle Rings.
“Exercise training” of engineered muscle during differentiation
has been shown to increase force output. For electrically stimulated
conditioning, improved functionality is attributed to increased dif-
ferentiation, improved alignment, and increased glucose uptake (20,
21). For mechanically stimulated conditioning, improved function-
ality is attributed to a change in gene regulation and protein ex-
pression, increased metabolic activity, cellular proliferation, and
improved myofiber organization (10, 22).

A previous study has shown that optical stimulation during
differentiation of optogenetic C2C12s in 2D can improve the
alignment of sarcomeric proteins and increase the fraction of
contractile myotubes (23). We hypothesized that optical condi-
tioning of muscle rings during differentiation could thus lead to
an enhancement in functional performance (force production).
The mechanism of periodic cellular depolarization and con-
traction would be similar to that of electrical stimulation, but less
invasive, as it avoids electrolysis of the surrounding media.
Furthermore, we hypothesized that combining mechanical and
optical stimulation could lead to synergistic enhancements in
functional performance.

To provide a passive mechanical stimulus during differentia-
tion, we kept bio-bots chemically tethered to an underlying glass
slide throughout differentiation to maximize cellular alignment
and myotube formation. Bio-bots were mechanically released
from the stiff underlying substrate before stimulation. To provide
optical conditioning during differentiation, we subjected muscle
rings to a daily regimen of optical stimulation at 1, 2, and 4 Hz.
We measured active tension force output for four different
groups: control group 1, no mechanical conditioning (bio-bots
released from substrate on day 1), no optical conditioning; control
group 2, mechanical conditioning (bio-bots tethered to substrate
until day 12), no optical conditioning; exercise group 1, no me-
chanical conditioning, optical conditioning during differentiation
(days 4-11); and exercise group 2, mechanical conditioning, optical
conditioning (Fig. 44).

An analysis of force output for exercise group 1 revealed that
active tension forces grew from 56 + 11 uN on day 7 (the first day
with observable macroscale contractility) to 195 + 24 pN on day
12 at 1-Hz stimulation (Fig. 4B-1). By contrast, control group 1
produced active tension forces of only 43 + 6.0 pN on day 12.
Control group 2 produced forces of 91 + 37 pN on day 12. Al-
though these forces were higher than those of bio-bots from
control group 1, the results were not significantly different. Exer-
cise group 2, which was subjected to both mechanical and optically
stimulated exercise during differentiation, produced active tension
forces of 283 + 32 pN on day 12 (Fig. 4B-2 and Movie S2). These
data serve to demonstrate that mechanically and optically stimu-
lated exercise can lead to significant improvements in muscle
functional performance, and the combination of both types of
stimuli synergistically enhances force output even further. This
result is consistent with previous demonstrations of mechanical and
electrical multimodal stimulation for engineered muscle (24, 25)
but is the first demonstration, to our knowledge, of optical condi-
tioning driving functional improvements in muscle performance.
As optical stimulation provides a less invasive and cell type-specific
approach for localized control of muscle contraction, this approach
to enhancing functional performance is a significant improvement
over the current state of the art.

To validate our hypothesis that optical stimulus conditioning
improves myotube formation, we assessed the DNA and protein
content in control group 2 and exercise group 2 muscle rings and
compared the ratio of protein/DNA in each case. Larger protein/
DNA ratios are correlated with greater cellular hypertrophy (15).
As all rings contained the same number of embedded myoblasts,
the DNA content for all muscle rings was 1.76 + 0.35 ug DNA/mg
muscle. However, the protein content for exercise group 2 rings
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Fig. 4. Functional performance optimization via exercise training. (A) Exercise
stimulation regimen for four experimental groups during growth (days 1-3)
and differentiation (days 4-11) (Fig. S2). Force output in response to optical
stimulation is compared on day 12. (B) Improvement of muscle functional
performance in response to optical conditioning. (B-7) Active tension produced
by exercise group 1 assessed from days 7 to 12 (P < 0.05, n = 3, one-way
ANOVA, post hoc Tukey test). (B-2) Active tension comparison between all four
experimental groups (Movie S2) (P < 0.05, n = 3, one-way ANOVA, post hoc
Tukey test). (C) Assessment of mechanisms underlying functional performance
improvement. (C-7) Ratio of protein content to DNA content measured for
control group 2 and exercise group 2 (P < 0.05, n = 4, one-way ANOVA, post hoc
Tukey test). (C-2) Immunofluorescence stained cross-sections of exercise group 2
and control group 2, showing visibly greater expression of myosin marker in
exercised muscle rings. All data are presented as mean + SD.

was 51.2 + 2.6 pg protein/mg muscle, compared with 41.7 + 2.7 pg
protein/mg muscle for control group 2. The ratio of protein/DNA
was thus significantly larger in the exercise conditioned case, 29.1 +
1.5 pg protein/pg DNA compared with the control group, 23.7 +
1.5 pg protein/ug DNA, corroborating the theory that exercise
conditioning resulted in increased cellular hypertrophy (Fig. 4C).

Directional Locomotion and 2D Steering in Optogenetic Muscle Ring-
Powered Bio-Bots. Because the most readily observable form of
work produced by an actuator is locomotion, this was chosen as
the desired functional output for our muscle-powered machines.
First, to observe directional (1D) locomotion in response to
optical stimulation, the design of the bio-bot skeleton was made
asymmetric by increasing the length of one of the hydrogel pil-
lars. With each contraction of the engineered muscle tissue, the
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longer pillar displaced a greater amount than the shorter pillar,
as the “moment arm” from the muscle to the beam was greater.
This difference in displacement drove net movement in the di-
rection of the longer pillar (Fig. 54 and Movie S3). This inch
worm-like walking was readily observed and measured, allowing
for a simple method of assessing bio-bot functional performance.
A comparison of bio-bot speed for the muscle rings in the ex-
ercise training study revealed that rings in exercise group 2
powered walking at speeds of 138 + 6.4 um/s (optical stimulation,
1 Hz) and 145 + 19 pm/s (electrical stimulation, 1 Hz). By
contrast, rings in control group 2 powered walking at significantly
slower speeds of 35 + 8.5 pm/s (optical stimulation, 1 Hz) and
38 + 5.1 um/s (electrical stimulation, 1 Hz) (Fig. 5B). Increasing
the frequency of stimulation correspondingly increased loco-
motive speed, despite the reduction in the dynamic range of
active tension at higher frequencies. Bio-bot speed increased
nearly 80% from 138 + 6.4 um/s at 1 Hz to 246 + 59 pm/s to 4 Hz,
providing an added mechanism of improving and controlling
performance (Fig. 5C).

The true advantage of incorporating optogenetics is the pre-
cision stimulation enabled by enhanced spatial control. Focusing
light onto different regions of the muscle ring enables control
over the number and location of excited myotubes and hence
control over the magnitude and direction of macroscale force
output. Directional locomotion in 1D and steering in 2D can
thus be induced and controlled via the external stimulus without
requiring asymmetric modifications to the physical geometry of
the bio-bot device itself. To provide a simple demonstration of
this design principle, we took advantage of the modularity of the
muscle ring actuators to design a two-leg geometrically sym-
metric skeleton powered by a muscle ring actuator tethered to
each leg (Fig. S1B). Finite element analysis (FEA) simulations
predicted that stimulation of both muscle rings at the same time
would result in zero net movement, due to overall symmetry of
pillar displacement (Fig. 64-/ and Movie S4). This prediction
was verified by electrical stimulation of a two-leg bio-bot device,
which demonstrated paced contractility but zero net locomotion
in response to whole device stimulation at 2 Hz (Fig. 64-2 and
Movie S5). FEA simulations also predicted that stimulation of
only one muscle ring would drive directional locomotion in the
direction of the stimulated leg (Fig. 6B-1 and Movie S6). Optical
stimulation of only one leg, for the same bio-bot device electri-
cally stimulated in Fig. 64-2, resulted in net locomotion in the
direction of the stimulated leg at speeds of up to 310 pm/s (1.3
body lengths/min) at 2-Hz stimulation (Fig. 6B-2 and Movie S7).
Furthermore, exciting only half of a muscle ring with a light
stimulus resulted in rotational locomotion as predicted by FEA
(Fig. 6C-1 and Movie S8) and verified empirically (for the same
bio-bot device shown in Fig. 6 A-2 and B-2) at 2.25%s (135°/min)
at 2-Hz stimulation (Fig. 6C-2 and Movie S9). These results,
presented for a single representative bio-bot, indicate that the
demonstrated differences in locomotive behavior for this device

A Directional Locomotion B Bio-Bot Speed C Frequency Response
in Asymmetric Structure S0 o .
______ Optical Stimulation Tall —1Hz
(A-1) (42) U Elocinca Stmulaion. £3 124 b
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]
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Fig. 5. Optically stimulated 1D locomotion. (A) Directional locomotion of
optogenetic muscle ring powered bio-bots shown as a schematic (A-7) and
time lapse images from a movie (A-2) (Movie S3). (B) Assessment of bio-bot
speed from control group 2 and exercise group 2 in response to optical and
electrical stimulation at 1 Hz (P < 0.05, n = 3, one-way ANOVA, post hoc
Tukey test). (C) Speed-frequency response of bio-bots at 1 and 4 Hz. Inset
shows displacement over a 3-s time period for clarity. All data are presented
as mean + SD.
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Fig. 6. Optically stimulated 2D locomotion and steering. (A) Whole device
stimulation of a geometrically symmetric two-leg bio-bot shows zero net
locomotion predicted via FEA (A-7; Movie S4) and confirmed via electrical
stimulation (A-2; Movie S5). Side view image of two-leg device shown for
clarity. (B) Single leg stimulation of a geometrically symmetric structure
drives locomotion in the direction of the stimulated leg predicted via FEA
(B-1; Movie S6) and confirmed via optical stimulation for the same device
presented in A-2 (B-2; Movie S7). (C) Half of a single leg in a geometrically
symmetric structure is stimulated to drive rotational locomotion, as pre-
dicted via FEA (C-7; Movie S8) and confirmed via optical stimulation for the
same device presented in A-2 and B-2 (C-2; Movie S9). Statistical analyses of
multiple two-legged bio-bots is presented in Fig. S5.

can be attributed purely to the mode of external stimulation (both
rings, one ring, half ring).

On average, two-legged bio-bots conditioned using the regi-
men specified for exercise group 2 demonstrated directional lo-
comotion (in response to one ring stimulation) at 312 + 63 um/s
at 2 Hz (Fig. S54-1), significantly greater than control group 2
two-leg bio-bots, which demonstrated speeds of only 97.5 + 16 pm/s
at 2 Hz (Fig. S54-2). The same exercise group and control group
two-legged bio-bots were tested with half ring stimulation at
2 Hz, to show that differential responses could be obtained by
changing the mode of external stimulation (Fig. S5B). Exercised
bio-bots demonstrated rotational locomotion at 2.1 + 0.5%s,
significantly greater than the control bio-bots, which demon-
strated rotational locomotion at speeds of 0.95 + 0.2%s. In fu-
ture, a moving light stimulus that combines whole and partial
ring stimulation could be used to direct and drive both di-
rectional locomotion and 2D steering of symmetric bio-bot de-
vices in a precisely controlled manner.

Discussion

Here we presented a controllable and modular bioactuator that
can be readily adapted to a variety of device designs and appli-
cations. Although locomotion is presented as the desired func-
tional output in this study, muscle rings produce significant
contractile force output even when untethered to a mechanical
skeleton (Movie S10). Such rings can thus be combined in par-
allel and series to fabricate pumps, swimmers, etc., in future
designs that harness the modularity of this technology, proving to
be more reproducible and widely adaptable than the bio-
actuators originally presented as proof-of-concept studies. Using
the well-defined characterization of ring composition, dimen-
sions, and modulated force output, we can now treat engineered
muscle rings, or rings formed from other cell types, as “building
blocks” that enable the fabrication of complex multicellular bio-
integrated machines and systems.
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Incorporating optogenetic ion channels into muscle rings pro-
vided us with a noninvasive method of exciting groups of aligned
myotubes with precise spatiotemporal control. Compared with
previously presented approaches, which controlled muscle-pow-
ered bioactuators via electrodes in close proximity to the bio-
actuator device, optogenetics provided noncontact yet localized
control of stimulation. This fundamental distinction drove com-
plex controllable directional locomotion and 2D steering of bio-
bots, a capability that has not been previously presented in
untethered biological machines powered by engineered muscle.
This design modification, enabled by targeted genetic engineer-
ing of skeletal muscle myoblasts, thus resulted in a profound
improvement in the complexity of functional behaviors produced
by engineered muscle. An important advancement presented
in this study is the improvement in functional performance
produced by exercise training of muscle rings with combined
optical and mechanical stimuli. This evidence of increased
muscle force production in response to multimodal conditioning
demonstrates the dynamically tunable and adaptive nature of
these modular bioactuators.

Conclusions

Forward engineered biological machines harness the ability of
biological materials to sense, process, and respond to environ-
mental signals in real time. The modular bioactuators we present
in this study power bio-bots that demonstrate adaptive behavior
in response to noninvasive light stimuli, enabling a variety of
applications that require dynamic sensing and actuation. This
type of adaptive behavior, which emerges from the coordinated
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interactions in a multicellular network, drives much of the
complex functionality we observe in natural biological systems
(26). Future generations of bio-bots could further harness the
power of biological materials by incorporating self-assembling or
self-healing functionalities or serving as factories of cell-secreted
factors. Incorporating multiple cell types, such as neurons for
signal processing or endothelial cells for vascularization and
nutrient transport, would enable the design and fabrication of
more complex biological machines. As many such machines will
require modular bioactuators, this demonstration of a light-
controlled adaptive skeletal muscle-powered biological machine
thus enables a variety of applications while simultaneously set-
ting the stage for the next generation of bio-integrated machines
and systems.

Methods

Information on design and fabrication of 3D printed optogenetic muscle-
powered bio-bots and quantification of functional performance all appear in
SI Methods.
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Cell Infection and Culture. C2C12 murine myoblasts were infected
with pLenti2-EF1a-ChR2[H134R]-tdTomato-WPRE plasmid to
express a mutated variant of the light-sensitive ion channel,
Channelrhodopsin (ChR2[H134R]). The tdTomato tag was used
to selectively enrich myoblasts that expressed ChR2[H134R] via
FACS. Cells were maintained in growth medium (GM) consisting
of DMEM with L-glutamine and sodium pyruvate (Corning
Cellgro) supplemented with 10% (vol/vol) FBS (Lonza), 1%
(vol/vol) L-glutamine (Cellgro Mediatech), and 1% (vol/vol)
penicillin-streptomycin (Cellgro Mediatech).

Design and Fabrication of Flexible 3D Printed Bio-Bot Skeletons. A
commercial stereolithographic 3D printing apparatus (SLA 250/
50; 3D Systems) was used to manufacture parts designed in CAD
software (Solidworks) and sliced into printed layers by 3D
Lightyear software (v1.4; 3D Systems). The injection molds were
fabricated on glass slides using a prepolymer solution composed
of 20% (wt/vol) PEGDMA MW 1,000 g/mol (Polysciences) in
PBS (Lonza) with 0.5% (wt/vol) 1-[4-(2-hydroxyethoxy)phenyl]-2-
hydroxy-2-methyl-1-propanone-1-one photoinitiator (Irgacure
2959; BASF) dissolved in DMSO (Fisher Scientific). The bio-bot
skeletons were fabricated on glass slides using a prepolymer
solution composed of 20% (vol/vol) PEGDA MW 700 g/mol
(Sigma-Aldrich) in PBS with 0.5% (wt/vol) Irgacure 2959 pho-
toinitiator dissolved in DMSO. Following fabrication, molds and
bio-bot skeletons were rinsed in PBS, sterilized in 100% ethanol
(Decon Labs) for 1 h, and stored in PBS for at least 1 h before use.
For parts that required chemical tethering to the underlying
slides, the glass was pretreated with 2% (vol/vol) 3-(trimethoxysilyl)
propyl methacrylate (Sigma-Aldrich) in 100% ethanol for 5 min,
washed in 100% ethanol for 5 min, and baked at 110 °C for 3 min.

Formation of Optogenetic Muscle Rings and Strips. Strip molds were
assembled by placing bio-bot skeletons within holders. Both strip
molds and ring molds were kept moist, but unsubmerged, in PBS
during the injection molding process. Optogenetic C2C12 myoblasts
were trypsinized (TrypLE; Life Technologies), suspended in a
solution of GM supplemented with 1 mg/mL ACA (Sigma Aldrich)
(GM+), and combined with ice cold 30% (vol/vol) Matrigel
basement membrane matrix (BD Biosciences), 4 mg/mL fibrinogen
(Sigma-Aldrich), and 0.5 U/mg-fibrinogen thrombin (Sigma-
Aldrich) for a total cell/gel solution volume of 120 pL per muscle
strip or ring. This cell/gel solution was immediately injected into the
strip/ring molds and incubated at 37 °C for 1 h before the addition
of enough GM+ to submerge the muscle. The muscle actuators
were then incubated for 3 d in GM+, with daily media changes,
and incubated after that in differentiation medium (DM++) with
daily media changes. The differentiation medium consisted of
DMEM with L-glutamine and sodium pyruvate (Corning Cellgro),
supplemented with 10% (vol/vol) heat inactivated HS (Lonza),
1% (vol/vol) L-glutamine, 1% (vol/vol) penicillin-streptomycin,
1 mg/mL ACA, and 50 ng/mL IGF1 (Sigma-Aldrich).

Optical and Electrical Stimulation. Muscle strip and ring actuators
were optically stimulated using a 470-nm LED (Mightex). Trains
of 50-ms pulses of specified frequency (1, 2, and 4 Hz) were
generated using a custom-built device. The LED output was
focused using a lens, and a maximum power of 1.9 mW/mm? was
used (corresponding to a spot diameter of 8 mm). Optical
stimulation of bio-bots was conducted in DM++ media, and

all movies were taken through a red camera filter to make the

Raman et al. www.pnas.org/cgi/content/short/1516139113

focused nature of the light stimulus easier to visualize. During
exercise training, a 2-min rest period was incorporated between
stimulation at different frequencies, and all experiments were
performed at 37 °C. Electrical stimulation was conducted using a
custom-built electrical setup designed to provide bipolar elec-
trical pulses of 20-V amplitude (21.6 V/cm field strength) and
50-ms pulse width, as previously described (10). Electrical
stimulation of bio-bots was conducted in serum-free DMEM to
reduce electrolysis.

Measurement of Force Production and Locomotive Speed. Passive
tension force was measured by correlating the deflection of the
curved beam in the bio-bot skeleton to the contractile force
applied on the bio-bot skeleton’s pillars. Displacements were
measured in ImageJ (National Institutes of Health), and passive
tension force was calculated from an equation derived from
Euler-Bernoulli beam-bending theory: P = (8EI/IL?)6max. In
this equation, E represents the Young’s modulus of the beam
(319 kPa) as measured using a tensile mechanical testing appa-
ratus. [ is the moment of inertia, L is the beam length, / is the
measured moment arm from the muscle strip to the beam, and
dmax 18 the measured beam deflection. Active tension force was
measured by correlating the displacement of the ends of the bio-
bot skeleton to the active contractile force produced in response
to an external stimulus. The bio-bot was treated as a Kelvin-
Voigt viscoelastic structure composed of a spring and damper in
parallel, where applied stresses are related to measured strains
by the following equation: o(t) = Ee(t) + nlde(t)/dt], as pre-
viously described (10). Speed was calculated by dividing distance
traveled by time.

Immunofluorescence Imaging. Muscle strips and rings were rinsed
in PBS, fixed in 4% (vol/vol) paraformaldehyde (EMD Chem-
icals) for 30 min, permeabilized with 0.2% (vol/vol) Triton X-100
(Sigma-Aldrich) for 10 min, and stored in blocking solution
(Image-iT FX Signal Enhancer; Invitrogen) before staining. The
muscle was then incubated in mouse MF-20 antimyosin heavy
chain (1:400 dilution in Image-iT FX, Developmental Studies
Hybridoma Bank, The University of Iowa Department of Bi-
ology) for 6 h at 4 °C. They were then incubated with Alexa Fluor
488 goat anti-mouse IgG secondary antibody (1:400 dilution in
Image-iT FX; Invitrogen) for 12 h at 4 °C. Next, they were in-
cubated in DAPT (1:5,000 in sterilized deionized water; Sigma-
Aldrich) for 10 min before fixation onto a glass-bottom dish
(MatTek) with warm agarose gel and imaging with a confocal
microscope (LSM 710; Zeiss).

DNA/Protein Quantification. Muscle rings were detached from
hydrogel skeletons, rinsed in PBS, and snap frozen in liquid ni-
trogen before storage at —80 °C. At the time of analysis, rings
were weighed, halved, and weighed again. The DNA concen-
tration in each half was measured using a spectrophotometer
(NanoDrop 1000) at 260 nm after genomic DNA was isolated
using a DNeasy Blood and Tissue Kit (Qiagen). Total DNA
content was calculated from the concentration using the known
elution volume and total muscle ring mass. The other halves of
the muscle rings were lysed in RIPA buffer (Thermo Scientific)
on ice and briefly sonicated (Digital Sonifier 150; Branson). Cells
were centrifuged, and the supernatant was collected and diluted.
Protein concentration in these halves was determined with a
spectrophotometer by comparing absorbance of each sample at
562 nm to a standard curve of BSA protein absorbance vs.
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concentration, using a Pierce BCA Protein Assay Kit (Thermo
Scientific). Total protein content was calculated from the con-
centration using known supernatant volume and total muscle

ring mass.
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Statistical Analysis. Statistical analysis was performed via one-way
ANOVA followed by Tukey’s multiple comparison test for
P < 0.05 using OriginPro software. Results are presented as

Fig. S1. (A) Design dimensions for asymmetric one-leg bio-bot skeletons shown as side view (A-7) and top view (A-2) schematics. (B) Design dimensions for
symmetric two-leg bio-bot skeletons shown as side view (B-7) and top view (B-2) schematics.
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Fig. S2. Schematic showing timeline of growth, differentiation, and exercise training of tissue engineered modular muscle ring actuators.
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(A) Characterization of Ring Thickness  (C) Larger Muscle Rings and Bio-Bots
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Fig. S3. (A) Characterization of ring thickness as a function of fibrin concentration. A concentration of 4 mg/mL was chosen for its ability to generate compact
muscle strips with high cellular density. Higher concentrations than this resulted in marginal changes in muscle strip thickness. (B) The dimensions of rings can
be readily modified to power larger-scale bio-bot structures by adjusting the volume of the cell/gel solution. This ring was formed from 240 uL cell/gel solution,
compared with those used in the study, which were formed from 120 pL cell/gel solution. (C) The modularity of the muscle ring actuator design allows for the
addition of multiple muscle rings per device, providing an added mechanism of improving functional performance of bio-integrated machines and systems in
the future. (D) The modularity of the muscle ring actuator design also enables the fabrication of multilegged bio-bot structures, such as the “four-leg” bio-bot
shown here. Because directional locomotion and 2D steering proved to be achievable even with two-leg structures, only data for two-leg structures were

presented in this study.
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(A) Passive Tension Force Produced (B) Paced Contractions in Response
by Muscle Strips and Rings to Optical Stimulus

20004

bl

w

5004

o

=3

t=3
n

L T

Passive Tension { uN)

5004

Contractions Per Second
nN

z

(\

o

Stimulation Frequency (Hz)

Muscle Strip Muscle Ring

(C)  Effect of Increasing Optical (D) Electrically Stimulated Active Tension

Intensity on Functional Performance Force Produced by Muscle Strips and Rings

- 250 777 Strip (Electrical Stimulation)
P - 5

i | Ring (Electrical Stimulation)

0.4 0.8 1.2 16 20 2.4

Intensity (mW/mm?) Frequency

Fig. S4. (A) Passive tension force produced by muscle strips and muscle rings. There is no significant difference between the passive tension forces produced by
muscle strips and rings (P < 0.05, n = 9, one-way ANOVA, post hoc Tukey test). (B) Optogenetic muscle rings produced paced contractions in response to optical
stimulus at frequencies from 1 to 4 Hz. Muscle rings tested at higher-frequency stimulations produced paced contractions until a tetanus frequency above
8-10 Hz (n = 4). (C) Effect of increasing optical intensity on the directional locomotive speed of optically stimulated asymmetric one-leg bio-bots. A maximum
energy density of 1.9 mW/mm? was used for all experiments presented in this study. (D) Active tension force produced by muscle strips and rings in response to
electrical stimulation reveals that electrical stimulation produces comparable contractile forces for both actuator designs (P < 0.05, n = 3, one-way ANOVA, post

hoc Tukey test).
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(A) Directional Locomotion in a Two-Leg Symmetric Structure
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(B) Rotational Locomotion in a Two-Leg Symmetric Structure
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Fig. S5. (A) Directional locomotion in response to single-leg stimulation of two-legged bio-bots. (A-7) X-Y tracking of top-view movies of bio-bots over 15s at
2-Hz optical stimulation. Average locomotive speed for exercise group 2 bio-bots is 312 + 63 pm/s. Devices also demonstrated small rotations under full-ring
stimulation, with an average speed of 0.24 + 0.1°/s. (A-2) Comparison of directional locomotive speed in response to optical stimulation at 2 Hz for exercise
group 2 bio-bots (labeled E) (n = 6) and control group 2 bio-bots (labeled C) (n = 3). Exercised bio-bots demonstrate significantly higher locomotive speeds than
control bio-bots (P < 0.05, one-way ANOVA, post hoc Tukey test). (B) Rotational locomotion in response to half-leg stimulation of two-legged bio-bots. (B-1)
X-Y tracking of top-view movies of the same bio-bots presented in A-7 over 15 s at 2-Hz optical stimulation. Average rotational speed for exercise group 2 bio-
bots is 2.1 + 0.5°s. Devices also small translocations under full-ring stimulation, with an average speed of 33 + 10 pm/s. (B-2) Comparison of rotational lo-
comotive speed in response to optical stimulation at 2 Hz for exercise group 2 bio-bots (labeled E) (n = 6) and control group 2 bio-bots (labeled C) (n = 3).
Exercised bio-bots demonstrate significantly higher locomotive speeds than control bio-bots (P < 0.05, one-way ANOVA, post hoc Tukey test).

Movie S1. Manual transfer of muscle ring from injection mold to bio-bot skeleton. Muscle rings are lifted from the injection mold using sterile tweezers and
transferred to another dish containing the bio-bot skeletons (chemically bonded to an underlying glass slide). The muscle ring is tethered around the bio-bot
skeleton on day 1 after seeding.

Movie S1
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Movie S2. Optical stimulation of muscle rings in exercise study. Active tension force output in response to optical stimulation is calculated using a Kelvin-Voigt
viscoelasticity model that relates bio-bot skeleton deformation to muscle force produced. Numerical results are presented in Fig. 4B.

Movie S2

Movie S3. Directional locomotion of muscle ring-powered bio-bot with asymmetric geometry. Optical stimulation (at 2 Hz) of a muscle ring tethered to a bio-
bot with asymmetric geometry leads to directional locomotion in the direction of the longer pillar. Numerical results and speed-frequency response are
presented in Fig. 5.

Movie S3
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Movie S4. Zero net locomotion in muscle ring-powered bio-bot with symmetric geometry (FEA). FEA simulation of electrically stimulated actuation of both
muscle rings in a bio-bot with symmetric geometry. Due to overall symmetry of both geometry and force production, the bio-bot demonstrates zero net
locomotion.

Movie S4
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Movie S5. Zero net locomotion in muscle ring-powered bio-bot with symmetric geometry (electrical stimulation). Electrically stimulated actuation (at 2 Hz) of
both muscle rings in a bio-bot with symmetric geometry. Due to overall symmetry of both geometry and force production, the bio-bot demonstrates zero net
locomotion.

Movie S5
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-

Movie S6. Directional locomotion in muscle ring-powered bio-bot with symmetric geometry (FEA). FEA simulation of targeted optically stimulated actuation
of one muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes greater contractile
displacement in the stimulated leg (right leg), driving locomotion toward the right.

Movie S6

Movie S7. Directional locomotion in muscle ring-powered bio-bot with symmetric geometry (optical stimulation). Targeted optically stimulated actuation (at
2 Hz) of one muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes greater
contractile displacement in the stimulated leg (right leg), driving locomotion toward the right.

Movie S7
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Movie S8. Rotational locomotion in muscle ring-powered bio-bot with symmetric geometry (FEA). FEA simulation of targeted optically stimulated actuation
of one half of a muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes greater
contractile displacement in one part of the partially stimulated leg (bottom right leg), driving clockwise rotational locomotion in the direction of the stim-
ulated leg.

Movie S8

Movie S9. Rotational locomotion in muscle ring-powered bio-bot with symmetric geometry (optical stimulation). Targeted optically stimulated actuation (at
2 Hz) of one half of a muscle ring in a bio-bot with symmetric geometry. Despite overall symmetry of geometry, the asymmetry in force production causes
greater contractile displacement in one part of the partially stimulated leg, driving clockwise rotational locomotion in the direction of the stimulated leg. The
focal spot of the LED was precisely positioned on the right half of the muscle ring furthest away from the camera, which saturates the light signal due to the
high intensity of the light stimulus.

Movie S9
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Movie S10. Electrical stimulation of untethered muscle ring actuator. Muscle rings produce significant contractile force even when untethered to a me-
chanical skeleton, as demonstrated here in response to electrical stimulation (2 Hz) on day 12 after seeding. These muscle rings were maintained in the in-
jection mold throughout the growth and differentiation processes. In this movie, some net locomotion of the ring is observed, but directionality is not
controlled. Coupling the modular ring to a forward-engineered 3D printed skeleton would enable controllable directional locomotion.

Movie S10
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