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BIOMATERIALS

Dynamic DNA material with emergent locomotion
behavior powered by artificial metabolism
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Metabolism is a key process that makes life alive—the combination of anabolism and catabolism sustains life by
a continuous flux of matter and energy. In other words, the materials comprising life are synthesized, assembled,
dissipated, and decomposed autonomously in a controlled, hierarchical manner using biological processes. Al-
though some biological approaches for creating dynamic materials have been reported, the construction of such
materials by mimicking metabolism from scratch based on bioengineering has not yet been achieved. Various
chemical approaches, especially dissipative assemblies, allow the construction of dynamic materials in a synthetic
fashion, analogous to part of metabolism. Inspired by these approaches, here, we report a bottom-up construction of
dynamic biomaterials powered by artificial metabolism, representing a combination of irreversible biosynthesis
and dissipative assembly processes. An emergent locomotion behavior resembling a slime mold was programmed
with this material by using an abstract design model similar to mechanical systems. Dynamic properties, such as auton-
omous pattern generation and continuous polarized regeneration, enabled locomotion along the designated tracks
against a constant flow. Furthermore, an emergent racing behavior of two locomotive bodies was achieved by ex-
panding the program. Other applications, including pathogen detection and hybrid nanomaterials, illustrated
further potential use of this material. Dynamic biomaterials powered by artificial metabolism could provide a previ-
ously unexplored route to realize “artificial” biological systems with regenerating and self-sustaining characteristics.
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INTRODUCTION

Characteristic properties of life, such as dynamic self-generation of
organisms, are sustained by metabolism (I). Using a flux of matter
and energy, molecules are irreversibly synthesized from ingredients
and then further dynamically assembled into macromolecules and
beyond by series of biological reactions, resulting in the structural
hierarchy of life’s materials (2-4). Mimicking metabolism as a ma-
terial generation system may lead to the engineering of novel dy-
namic biomaterials with characteristic properties of life. Although
various approaches have been reported to bioengineer such dynamic
materials, mimicking metabolism from the ground up is still under
development. For instance, engineered living materials allow ma-
terial generation by life (5, 6). However, this approach relies on ex-
ternal living systems, such as cells, to generate the material. Similarly,
other dynamic biomaterials, such as active cytoskeletons, directly
use already-existing metabolism designed by life (7-10). In general,
although bioengineering approaches have the potential to create
novel dynamic biomaterials with sophisticated active behaviors, the
current approaches are built upon, and thus fundamentally limited
by, life’s existing metabolism. Chemical approaches have opened
synthetic routes to build dynamic materials from scratch using chem-
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ical reactions, ultimately allowing flexibility in design (11-14). In par-
ticular, dissipative self-assembly (15-19) enabled out-of-equilibrium
assembly of chemically synthesized components with a flux of energy,
which can be regarded as an equivalent to the assembly process in
metabolism. Inspired by this approach, we developed our concept of
“artificial metabolism” to realize a new class of dynamic biomaterials
with active behaviors. Analogous to the metabolism found in nature,
our approach allows autonomous and dynamic generation of bio-
materials with structural hierarchy by simultaneously coupling both
irreversible synthesis/decomposition and dissipative assembly pro-
cesses but in an artificial fashion. Our artificial metabolism was
engineered upon a biological foundation using biomolecules and
bioreactions but was not bound to the restrictions of life itself be-
cause of the bottom-up design of biochemical synthesis combined
with assembly.

As a realization of this concept, we engineered a mechanism
termed DASH—DNA-based Assembly and Synthesis of Hierarchical
materials—providing a mesoscale approach to create dynamic ma-
terials from biomolecular building blocks using artificial metabolism
(Fig. 1A). DASH was developed on the basis of nanotechnology that uses
DNA as a generic material (20-23) ranging from nanostructures to hy-
drogels (24-27), for enzymatic substrates (28, 29), and as linkers
between nanoparticles (30-32). Analogous to the materials in living
organisms, materials generated by DASH were synthesized and as-
sembled into precoded patterns via anabolism. Furthermore, by in-
tegrating anabolism (generation) with catabolism (degeneration), the
generated patterns were autonomously degenerated and also regen-
erated cyclically in situ by combining both generation and degener-
ation in an ordered fashion, responding to a built-in spatiotemporal
feedback. Representing the behavior as a finite-state automaton (FSA;
also known as a finite-state machine), an abstract model commonly
used in robotics to describe states and state transitions of the machine

1of 11

6T0Z ‘0T |Udy uo 1sanb Ag /610 Hewaduslds sonogol//:diny wolj papeojumoqd


http://robotics.sciencemag.org/

SCIENCE ROBOTICS | RESEARCH ARTICLE

A DASH atterns B Generation Seed
\ dNTP
Phi29 DNA! it
Polymerase
Dissipation
Assembly > A
3 Synthesis
=3
Q
Precursor DNA o
Generation Degeneration > S
(@nabolsm) (Catabolism) 2 Dissipative Assembl \
QO Precursor DNA p y
g' DASH Pattern
Synthesis Decomposition — —— .~ Obstacle (Pillar)
Constant Flow 1 A
Waste = ‘
/ Microfluidic Device

Fig. 1. DASH and the generated materials. (A) Schematics of DASH illustrates anabolic and catabolic pathways of artificial metabolism. (B and C) Implementation of
DASH. (B) Synthesis of precursor DNA by RCA. (C) Formation of the DASH patterns by dissipative assembly using the flow with obstacles in microfluidic devices. (D to
K) Generated DASH patterns. (D) 1D lines with a maximum width of 15 um. (E) 1D lines with minimum width. (F) 2D cross-hatch patterns. (G) 2D drawings (double helix
pattern). (H) 2D drawings (square). (I to K) 2D drawings (D, N, and A letter shapes). Dashed lines in (D) to (F) indicate the boundaries of obstacles. See fig. 542 for further
details of the design. Scale bars, 10 um (D to F), 100 um (G), 50 um (H), 100 um (I to K). All flow rates, 0.1 ul/min.
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(33), allowed further programming of the behavior as a machine.
To further demonstrate the application of this material as a machine
powered by artificial metabolism, we programmed an emergent
“locomotion” behavior from a polarized regeneration process as a
series of FSAs. The design was also expanded to realize an emergent
“racing” behavior of two locomotive bodies by programming a simple
interference between series of FSAs.

RESULTS

The anabolic pathway of DASH consists of two key simultaneous
and autonomous processes to represent the concept of artificial me-
tabolism: (i) biochemical synthesis of DNA molecules as a precursor
of the material accomplished by an in situ enzymatic reaction and
(ii) dissipative assembly of precursors to form the material with pre-
coded patterns and shapes by flow. Specifically, in the process of pre-
cursor synthesis, in situ DNA synthesis was accomplished by rolling
circle amplification (RCA) using Phi29 DNA polymerase, in a gen-
eration mix that also contained seeds (DNA templates with primers)
and building blocks (Fig. 1B and figs. S1 and S2) (27, 34). During
the process of dissipative assembly, specific patterns were directly
assembled (35) from precursor DNA using flow in microfluidic de-
vices. Specifically, the generation mix was continuously infused into
a microfluidic device with precisely spaced obstacles to assemble
precursor DNA into precoded, specific patterns (Fig. 1C and figs.
S3, S4, and S7). DASH thus achieved the aforementioned anabolic
pathway by autonomously generating the material with structural
hierarchy across scales (3, 4): starting from nanoscale building blocks
to polymer precursors, micrometer-scaled networks (hydrogels), and
last, mesoscale patterns and shapes, all via simultaneous processes
(figs. S10 and S11 and Supplementary Text).

Experimentally, a wide variety of mesoscale patterns and shapes,
from periodically patterned one-dimensional (1D) lines to 2D arbitrary
shapes, were generated to demonstrate the anabolic pathway of the
material (Fig. 1, D to K, and figs. S5 and S42). The pathway enabled
autonomous generation of patterned materials by organizing 1D,
micrometer-thick fibrous DNA networks. Aided by computational
fluid dynamics (CFD) simulations, we found that these DASH patterns
could be deterministically designed on the basis of two simple guide-
lines: The patterns were predicted by taking the shortest route within
the channel and by connecting adjacent pillars (obstacles), both in
accordance to the direction of flow. To simplify the process, we de-
signed microfluidic devices by a simple combinatory rule using seven
types of structural units (fig. S6). The combination of units codes the
location of pillars along with the routes of flow in the device to satisfy
both guidelines, enabling a general design strategy for the DASH patterns.

Confocal fluorescence microscopy and scanning electron mi-
croscopy (SEM) revealed detailed morphologies of the generated
material. Confocal microscopy of 2D cross-hatch patterns showed
that the materials were formed in the middle of the microfluidic
chamber (away from top and bottom of the chamber) with a fibrous
morphology (Fig. 2, A and B). SEM observations revealed more de-
tailed morphologies (Fig. 2, C and D): The fibrous structures were
made of anisotropic bundles of DNA networks in which the orien-
tation coincided with the direction of flow. Here, a device with 1D
line patterns was chosen because of its easier transfer for the obser-
vation. Most of the materials were localized at the side edge of the
pillars parallel to the flow direction and in the space between them,
with little discernible DNA wrapped around the pillars. In addition,
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SEM observations revealed spherical structures with an average di-
ameter of ~0.3 um embedded inside the networks (fig. S12), similar
to our earlier reports on physically entangled DNA hydrogels (27).
However, here, anisotropic networks were evident between the
spherical structures but not in the DNA hydrogel, presumably be-
cause of the directional flows.

To better understand the mechanism behind the pattern generation
by DASH, we recorded and quantified time-lapse videos (Fig. 2E
and movies S1 and S2). The existence of elapsed time between flow
initiation and the onset of the pattern generation suggested that the
network formation depended on a minimum molecular weight of
synthesized precursor DNA (e.g., an estimated molecular weight of
3.3 x 10’ in the case of 2D cross-hatch patterns with 5 nM of genera-
tion mix; Supplementary Text). We observed that network forma-
tion was initiated from the side edges of the pillars in the middle
(i.e., center of the z axis) of the chamber, and then, with additional
generations, these DNA networks started to be connected into one
continuous fibrous structure between pillars. If the dominant mech-
anism was wrapping DNA networks around the pillars, then the
fibrous morphology should have started from the upstream edge
instead of the side edges of the pillars, and the overall pattern gen-
eration should have started from the upstream region of the device
(36). Our observation indicated otherwise; the side edges of the pillars
were the main places where the assembly was initiated. Thus, we
hypothesized that the assembly mechanism of the DASH patterns
was a combination of two processes: the formation of the DNA net-
work triggered at the side edges of the pillars and the redistribution
of preformed networks (both in situ and in flowing solution) into
continuous, fibrous anisotropic structures along the direction of
flow. The time-lapse images illustrate that the thickness of the struc-
tures increased in the later stages with the gaps between pillars even-
tually filled with the DNA networks. This additional thickening
strongly suggested that the redistribution of excess DNA networks
formed in solution happened later in the process of the pattern for-
mation rather than earlier.

To investigate the underlying mechanisms of the assembly pro-
cess, we first performed CFD simulations and then experimentally
verified them from two aspects: the formation of new networks and
the redistribution of preformed networks into a fibrous morpholo-
gy (Fig. 2, F to H, and movie S3). We chose the DASH patterns with
1D lines for the comparison because of its geometric simplicity. For
the formation, we found that the sides of the pillars corresponded to
areas of high vorticity (Fig. 2H). These results along with the sensi-
tivity measurements (figs. S13 to S17 and Supplementary Text) and
a pillar shape comparison experiment (figs. S18 to S20 and Supple-
mentary Text) suggested that the flow, particularly the vorticity, was
critical in the formation process by locally and dynamically triggering
a physical entanglement of DNA into networks at the side of pillars.
In short, a higher magnitude of vorticity at the side of pillars led to
an earlier generation starting time. Similar vorticity-triggered struc-
ture formation observed in biofilms and proteins also supported our
hypothesis (37, 38). For the redistribution, an overlay of time-lapse
videos with simulations of flow velocity showed that the fibrous
structure was formed along the direction of flows in the region of
highest velocity, consistent with the redistribution mechanism
(Fig. 2, F and G, and movie S3). Therefore, the mechanism behind
the assembly was most likely a combination of the vortex-induced
dynamic formation of new networks and the flow-directed redis-
tribution of preformed networks.
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Fig. 2. Detailed morphology and hydrodynamics studies of the DASH patterns.
(A to D) Detailed images of the DASH pattern. (A) An overlay of bright-field and
green fluorescence channel by confocal fluorescence microscopy, showing both
pillars and the DASH patterns. Scale bar, 50 um. (B) Reconstructed 3D image of (A).
Dashed line indicates the boundary of the pillar. (C) SEM observation of the DASH
pattern. Scale bar, 10 um. (D) Close-up image of (C). Anisotropic networks with em-
bedded spherical structures were observed. Scale bar, 1 um. (E to H) Hydrodynamics
studies of the DASH pattern generation. (E) A snapshot from the time-lapse video
recording of the generation process (experimental result). a.u., arbitrary units. (F to
H) CFD simulation results. (F) Flow velocity vector map. Side subfigures represent
sections at corresponding locations indicated by asterisks. (G) Flow velocity heat map.
(H) Flow vorticity heat map. Dashed arrows indicate the flow direction. All flow
rates, 0.1 pl/min.

Integrating the above anabolic generation process with a catabolic
degeneration process via DNA-hydrolyzing enzymes further ex-
panded the metabolic pathways of the artificial metabolism. We used
both anabolic and catabolic pathways to induce sequential genera-
tion and degeneration of the pattern at a static location. Here, the DASH
patterns were autonomously generated and then synchronously
and autonomously degenerated by a combination of enzymatic
reactions and flows (Fig. 3, A to C, figs. S21 to S23, and movie S4). The
reagents required for both generation and degeneration were simul-
taneously flowed into the microfluidic device. Crucially, once the
flow started, both processes of generation and degeneration were
executed without any external manipulation. A three-inlet micro-
fluidic device was used with the center inlet containing the genera-
tion mix with DNA polymerase, whereas the inlets at either side
contained the degeneration mix with the DNA-hydrolyzing enzyme,
deoxyribonuclease (DNase) I. We described the overall behavior of
the material by using an FSA with three states, Init, Growth, and
Decay, with autonomous and sequential state transitions (Fig. 3B).
This abstraction with discrete states and state transitions, similar to
the methods used in mechanical robots, allowed interpretation of
the overall behavior of the material as a machine and thus enabled
further programming of the behavior mentioned below. The state
transition between Growth and Decay was switched by a spatio-
temporal feedback. CFD simulation illustrated the hydrodynamics
during the process (fig. S24 and Supplementary Text). Initially, all three
solutions flowing into the device remained laminar (Init). Thus, the
degeneration mix was kept separated from the generation mix, and
the anabolic process started at the center of the device (Growth).
Gradually, accumulation by redistributed DNA networks started to
fill the gap between the pillars, substantially altering the flow dy-
namics. This spatiotemporal feedback allowed both the generation
and the degeneration solutions to be mixed, thus triggering the state
transition. The catabolic process then started to dominate, and last,
the materials were degenerated (Decay). Additional experimental
tests showed that the sequential occurrence of generation and de-
generation (cyclical regeneration) could be autonomously repeated
at least two times when the DNA synthesis time was kept constant
(figs. 525 to 528, movie S5, and Supplementary Text), demonstrat-
ing that both anabolic and catabolic pathways could be seamlessly
integrated and regulated in a regenerative fashion without any in-
terference from outside.

On the basis of the dynamic generation and degeneration be-
haviors of the material at the static location, we then programmed a
locomotive behavior powered by artificial metabolism using DASH
(Fig. 3, D to F, and movie S6). Inspired by the shapes and migrating
behaviors of pseudoplasmodia (slug) of the cellular slime mold
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Fig. 3. Dynamic behaviors of the DASH patterns as ma-
chines powered by artificial metabolism. (A to C) Sequential
generation and degeneration behaviors at a static location.
(A) Schematics of the device and the flows. (B) Abstract
representation of the behavior by FSA. (C) Snapshots from
time-lapse video recording (2, 3, 4, and 5 hours) and average
fluorescence intensity plot at the location of the DASH pat-
terns. (D to F) An emergent locomotion behavior. (D) FSA
and the program. The design of FSA is expanded by receiving/
sending the Flow altered signal. By using each FSA as a unit,
the behavior was programmed by connecting them in a se-
rial fashion via Flow altered signals. A different waiting time
until the state transition from Init to Growth (t; <t < ... < ts) was
used as a parameter. Interpretation represents the equivalent
experimental implementation of the program. (E) Details of
the final design of the track used in the experiment. (F) Snap-
shots and center of mass plot (x axis distance from the origin)
representing the locomotion of the body (60, 75, and 92.5 min)
in the narrow track. (G to I) An emergent racing behavior be-
tween two locomotive bodies. (G) A corresponding program
for the behavior achieved by placing two locomotion behavior
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(H) Interpretation of the program for the actual implementa-

tion. (I) Snapshots of the behavior. Both tracks generated the body (75 min) and then started to locomote toward upstream (107.5 min). Once the symmetry was broken,
the body at track 2 led the race (dashed line) and started to slow down the body at track 1 by degenerating the body (127.5 min). After the body at track 2 won the race
by reaching the goal (135 min), the body at track 1 was completely degenerated (~180 min). Flow rates applied, 0.1 pl/min (C) and 0.15 pul/min (F and I) for both generation

and degeneration mixes.
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Dictyostelium discoideum (39), we programmed a behavior in which a
slug-like body was generated by autonomous growth of the DASH
patterns, followed by autonomous locomotion of the body along
a track against a constant flow. The locomotion was realized as an
emergent behavior based on continuous polarized regeneration:
The front end generated its body, and the back end degenerated
itself. At the abstract design level, the behavior was programmed by
expanding the FSA introduced above in a serially connected manner
(M; to M), regarding each FSA as an autonomous and modular unit
(Fig. 3D). Each unit (M,) could accept a “Flow altered” signal from
an adjacent unit (My,1) that triggers the state transition from Growth
to Decay and could also propagate the signal to the next (M;_;). The
locomotion behavior was programmed by setting different waiting
times (f; < t < ... < tg) until the state transition between Init and
Growth was triggered. Growth of each FSA started from M; according
to the waiting time. Once the unit M, changed its state to Decay be-
cause of its internal feedback, the Flow altered signal was propagated
to the adjacent unit M,_; and beyond, ensuring the state transition
at the back end of the body. As a result, the direction of locomotion
was represented as spatiotemporal delay of Growth and sequential
state transition to Decay. Experimentally, similar multi-inlet channels
containing generation and degeneration mixes were prepared as
predefined tracks for the behavior (Fig. 3E). Here, the gap between
adjacent pillars was tuned from small (downstream) to large (up-
stream) in a region-by-region fashion along the track. Each region
corresponds to each FSA. The size of the gap that defines the mag-
nitude of vorticity represents a parameter (waiting time) in each unit
to trigger the state transition from Init to Growth. As programmed,
this vorticity gradient elicited a spatiotemporal delay of the transi-
tion from Init to Growth state, starting from the downstream region
of the track. In short, the direction of the locomotion is experimentally
interpreted as a gradient in the magnitude of vorticity under the
constant flow rate. We also emphasize here that the direction of
locomotion was deliberately programmed to be against the flow di-
rection in all examples. After the autonomous generation started at
the downstream region and the body constituted by the DASH pat-
terns started to grow, a spatial feedback due to the generated patterns
triggered the transition to Decay state, also starting from down-
stream. The transition to the Decay state is also propagated to the
downstream regions because of the flow (represented as a “Flow
altered” signal sent to M,,_;), ensuring that catabolism would dom-
inate in these regions. At the same time, the transition from Init to
Growth state continued toward the upstream region (i.e., down the
vorticity gradient). As a result, an overall locomotion behavior of
the body along the track against the direction of flow emerged as
programmed by a series of FSAs. The behavior was experimentally
observed in straight (wide and narrow widths) and curved tracks
(see movie S6), illustrating the design flexibility of the trajectory.
The locomotion velocity was measured as 2.3 mm/hour with narrow
tracks (Fig. 3F, fig. S29, and Supplementary Text).

To further demonstrate the application of the material as a ma-
chine, we expanded the design by using an abstracted programming
method to achieve an emergent racing behavior of two competing
bodies by two series of FSAs (Fig. 3G). Each series (M;; to Mg and
M, to Mg;) was designed in the same manner as the previous emer-
gent locomotion behavior; we further added a simple interference
between two locomotive bodies. Specifically, we designed the state
transition signal from Growth to Decay to also interfere between
tracks (denoted by the arrows between two series of FSA); the faster
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moving body could affect and alter the state of another track to Decay,
thus slowing down the locomotion of the body at the other track by
triggering the degeneration. We interpreted this program as two
tracks representing two series of FSA located side by side without any
physical boundaries between each other (Fig. 3H). Experimentally,
the design was implemented by simply inverting the types of flow
(the generation mix on the outside and the degeneration mix on the
inside) in a wide-width track introduced in the previous section. Be-
cause there was no boundary between the two tracks, the altered flow
at one track could affect the state of the other track. The result suc-
cessfully showed a competing race between two bodies with the
winner at track number 2 (Fig. 3 and movie S7). As programmed,
once the symmetry between two bodies was broken, presumably
because of the randomness in flow and the body, Decay state caused
by the leading body at track 2 affected the body at track 1, resulting
in the degeneration of the body (see the snapshot at 127.5 min).
After the body at track 2 reached the goal (135 min), the behavior
ended with a complete degeneration of the body at track 1 (180 min).

Last, in addition to using the DASH material in machine appli-
cations, several other applications were developed. One of the ap-
plications was nucleic acid detection (fig. S30 and Supplementary
Text). The goal of this application was to demonstrate the advantages
of the material’s self-generating characteristics. We prepared a gen-
eration seed that was amplifiable when and only when a target
DNA/RNA was present in the sample. The anabolic characteristic
of the material was thus converted to act as a selective amplification
process only for targeted DNA/RNA. The generated DASH patterns
were then read either by naked-eye observation or by a pattern
recognition algorithm based on Fourier transform, using the mech-
anism as a binary readout method (fig. S8). Experimentally, we
chose a target sequence taken from cucumber mosaic virus (CMV)
as a model pathogen. The target was successfully detected at
concentrations of 500 and 50 pM by recognizing the self-generated
DASH patterns (Fig. 4A, figs. S31 to S33, and Supplementary Text).
Non-targets with a mismatch of only 2 bp (base pair) did not gener-
ate the patterns, demonstrating the specificity of the detection method.
Next, to illustrate the potential uses of self-generated materials, we
created various hybrid functional materials from the DASH patterns.
The DASH patterns served as a versatile mesoscale scaffold for a
diverse range of functional nanomaterials beyond DNA, ranging from
proteins to inorganic nanoparticles, such as avidin (Fig. 4B, figs. 34
and S35, and Supplementary Text), quantum dots (Fig. 4C, fig. S36,
and Supplementary Text), and DNA-conjugated gold nanoparticles
(AuNPs) (Fig. 4D, figs. S37 and S38, and Supplementary Text). The
generated patterns were also rendered functional with catalytic
activity when conjugated with enzymes (figs. $39 and S40 and Sup-
plementary Text). We also showed that the DNA molecules within
the DASH patterns retained the DNA’s genetic properties and that,
in a cell-free fashion, the materials themselves successfully produced
green fluorescent proteins (GFPs) by incorporating a reporter gene
for sfGFP (Fig. 4E and figs. S9 and S41) (40). The protein produc-
tion capability of the materials established the foundation for future
cell-free production of proteins, including enzymes, in a spatiotem-
porally controlled manner.

CONCLUSION
We have created a dynamic material powered by artificial metabolism
using simultaneous processes of biochemical synthesis and dissipative
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detected by the generated patterns. Control samples using nontarget sequences with 2-bp mismatch resulted in no pattern generation. (B to D) Hybrid materials. (B)
Fluorescent molecule-conjugated avidin binding. A gradient of two colors was achieved by using three-inlet device [center flow, Texas Red (red); side flow, FITC (green)].
Scale bar, 100 um. (C) Quantum dot attachments mediated by avidin binding. Scale bar, 10 um. (D) DNA-conjugated AuNP attachments on the DASH patterns,
observed by dark-field microscopy. Scale bar, 10 um. (E) CFPE from the DASH patterns incorporating a reporter gene for sfGFP. Error bars represent SD. All flow rates ap-

plied during the DASH pattern generation, 0.1 pl/min.

assembly. Our implementation of the concept, DASH, successfully
demonstrated various applications of the material. We succeeded in
constructing machines from this novel dynamic biomaterial with
emergent regeneration, locomotion, and racing behaviors by pro-
gramming them as a series of FSAs. Bottom-up design based on
bioengineering foundations without restrictions of life fundamentally
allowed these active and programmable behaviors. It is not difficult
to envision that the material could be integrated as a locomotive ele-

Hamada et al., Sci. Robot. 4, eaaw3512 (2019) 10 April 2019

ment in biomolecular machines and robots (29, 41-50). The DASH
patterns could be easily recognized by naked eyes or smartphones,
which may lead to better detection technologies that are more feasible
in point-of-care settings. DASH may also be used as a template for
other materials, for example, to create dynamic waves of protein ex-
pression or nanoparticle assemblies. In addition, we envision that fur-
ther expansion of artificial metabolism may be used for self-sustaining
structural components (51) and self-adapting substrates for chemical
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production pathways (52). Ultimately, our material may allow the
construction of self-reproducing machines (53) through the produc-
tion of enzymes from generated materials that, in turn, reproduce
the material (54). Our biomaterial powered by artificial metabolism is
an important step toward the creation of “artificial” biological sys-
tems with dynamic, life-like capabilities.

MATERIALS AND METHODS

Materials

RepliPHI Phi29 DNA polymerase, 10x RepliPHI buffer [400 mM
tris-HCI (pH 7.5), 500 mM KCI, 100 mM MgCl,, 50 mM (NHy4),SO4,
and 40 mM dithiothreitol], and deoxynucleotides (INTPs) were ob-
tained from Epicentre (Madison, WI). T4 DNA ligase, exonuclease I,
and exonuclease III were obtained from New England BioLabs
(Ipswich, MA). Adenosine triphosphate (ATP) was obtained from
Teknova (Hollister, CA). Oligonucleotides were chemically synthe-
sized and purified using standard desalting method by Integrated
DNA Technologies (Coralville, IA). GelRed Nucleic Acid Gel Stain
and nuclease-free water were obtained from VWR International
(Radnor, PA). SYBR Green I, 40% acrylamide/Bis (19:1), ammonium
persulfate, and a polydimethylsiloxane (PDMS) silicone elastomer
kit (Sylgard 184, Dow Corning) were obtained from Thermo Fisher
Scientific (Waltham, MA). Tetramethylethylene diamine was ob-
tained from Sigma-Aldrich (St. Louis, MO). Other additional mate-
rials used in specific experiments were described in other sections
and in the Supplementary Materials accordingly.

Generation mix preparation

Generation seeds were prepared by circularizing template DNA
with primer DNA (fig. S1). First, chemically synthesized tem-
plate and primer DNAs were mixed in 1x RepliPHI reaction buf-
fer at final equimolar concentration of 1 uM and then annealed
from 95° to 4°C (-1°C/min) by thermal cycler. T4 DNA ligase
(200 U) and ATP (final concentration, 1.25 mM) were added
and then incubated overnight at 4°C (total volume, 20 pl; final
seed concentration, 0.5 uM) for the reaction. Ligated generation
seed solution with a final concentration of 5 nM (or otherwise
mentioned) was then mixed on ice with 1 mM each of ANTP, 1x
SYBR Green I, and Phi29 (5.7 U/ul) in 1x RepliPHI reaction buffer
for the generation mix.

Microfluidic device design

The devices were designed by following three steps. First, a layout of
the final DASH patterns was roughly determined. Next, obstacles
were assigned by following the patterns using an abstracted method
based on node-link diagrams. A total of seven types of standard
structural units were used for the design. Last, the main chamber
design was connected to inlet/outlet channels. See Additional Ma-
terials and Methods in the Supplementary Materials for a detailed
design process.

Experimental setup of the devices

Simultaneous synthesis and assembly using microflow were em-
bodied by a combination of microfluidic device connected to tubing
and syringe (fig. S7). Prepared generation mix solution was drawn
into Cole-Parmer Microbore Puri-Flex Autoanalysis Tubing (Vernon
Hills, IL) connected to 1-ml BD Medical tuberculin syringe (Franklin
Lakes, NJ) and short Microgroup hypodermic tubing (Medway,

Hamada et al., Sci. Robot. 4, eaaw3512 (2019) 10 April 2019

MA) as an insertion tip. Immediately after preparing the solution,
the syringe was then set to a Harvard Apparatus PHD-2000 syringe
pump (Holliston, MA) and infused. Before the experiment, DASH
devices were prefilled by nuclease-free water; both inlets and outlets
were also covered by water. Once the generation mix emerged at the
tip, the tip was immediately inserted to the DASH device. The de-
vice and the tip were both covered by solution to ensure that no air
bubbles entered the device during the process. Typically, generation
mix was infused to the DASH device at 0.1 pl/min.

A three-inlet design (fig. S42, no. 14-2) was designed for generation
and degeneration experiments. The center inlet was connected to
the generation solution (final seed concentration, 0.1 nM). Side in-
lets were connected to degeneration solution [DNase I (1 U/ul)
in 1x Phi29 reaction buffer]. Both generation and degeneration
solutions were infused at 0.1 pl/min. For the emergent locomotion
experiments, two- and three-inlet tracks with gradient vorticity re-
gions (fig. S42, nos. 22-3, 23-3, and 23-4) were used. Both solutions
were infused at 0.15 pl/min. For the emergent racing experiments,
three-inlet tracks with gradient vorticity regions (fig. S42, no. 23-3)
were used. Both solutions were infused at 0.15 pl/min.

Fluorescence microscopy

Fluorescence microscopy images used for morphological studies and
quantitative analyses were taken by Olympus BX-61 microscope
(Japan) with Sutter Instrument Lambda LS Xenon light source (Novato,
CA). Green fluorescence [excitation (Ex.), 484 nm; emission (Em.),
520 nm], red fluorescence (Ex., 555 nm; Em., 605 nm), and red
quantum dot (Ex., 420 nm; Em. 605 nm) filters were purchased from
Chroma Technology Corporation (Bellows Falls, VT). Objective
lenses (4x and 10x) by Olympus (Tokyo, Japan) were used. Ex-
posure time of the bright-field channel was set to 100 ms; fluorescence
channels were set to 2000 ms throughout all experiments. Time-
lapse videos were taken using 150 s per frame [except the short ob-
servation interval video (15 s per frame) in movie S6] with 4x objective
lens. Images including raw data were captured by Intelligent Imag-
ing Innovations SlideBook (Denver, CO). Raw data (16-bit tiff files)
were imported and processed by in-house software for detailed
observation.

Confocal laser scanning microscopy images and the z-stacked
videos were taken by two confocal laser scanning microscopes [Zeiss
LSM710 (Germany) and Olympus IX-81 (Japan)]. For the time-
lapse video recording (movie S2), device no. 9-1 (fig. S42) was chosen
with a final concentration of 5 nM of generation mix. A 10x objective
lens was chosen for the observation because of focal length. A filter
(Ex., 488 nm; Em., 520 nm) was used for the green fluorescence
channel. The capture interval was set to 110 s; a total of 30 frames
were recorded. Thirty layers (z axis) were taken for each stack.

Scanning electron microscopy

After the generation of the DASH patterns, 4% paraformaldehyde
fixative (Electron Microscopy Sciences, Hatfield, PA) was flowed
into the device (0.1 pl/min) for 10 min. After fixation for 24 hours
at 4°C, the device was opened, and the pattern was fixed on the
PDMS substrate. Upon rinsing with nuclear-free water, the pattern
was dehydrated in a series of graded ethanol (10, 25, 50, 75, 90, and
100%) and immersed in 100% ethanol. Subsequently, the pattern
was dried with critical point drying process using Bal-Tec (Leica)
CPD 408 (Germany) and then examined with LEO (Zeiss) 1550 FESEM
(Germany).
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CFD simulation

2D CAD files were exported to DXF format from the original CAD
design (GDSII) and then imported to Rhinoceros 3D (Robert
McNeel & Associates, Seattle, WA) and simulated using Autodesk
Simulation CFD (San Rafael, CA). Within Rhinoceros 3D, the orig-
inal 2D CAD file was extruded into a 3D volume with the height
that corresponds to the actual DASH devices. The model was then
exported as a STEP file to be imported in the preparation software
within the CFD software. For the fluid flowing through the geometry,
the default water profile was used for simplification (table S2A). For
the solid structures, properties similar to the existing default ma-
terial of silicone rubber were applied (table S2B). The simulations
were run for a maximum of 500 iterations or until the result reached
convergence (automatically detected and halted by Autodesk CFD
software). Three methods were used for the result visualization of
the simulations: heat maps, vector fields, and particle traces. Heat
maps and vector fields were normalized between all results to main-
tain uniformity and were located at 8 pm from the bottom of the
volume (midpoint).

DASH-based pathogen detection

A sequence taken from CMV was used for the target. A total mis-
match of 2 bp (1 bp at each side of the ligation site) of sequence
alternation were made for the nontarget. For simplification of the
experiment, the total target sequence length was shortened to 33
nucleotide oligomers; chemically synthesized single-strand DNA was
used instead of RNA. Recognition was performed by adding target
DNA to a solution containing template and primer DNA in 1x
RepliPHI Phi29 buffer. After the annealing process (from 95°C to
room temperature at —1°C/min), T4 DNA ligase (final concentra-
tion, 10 U/ul) was added along with 1.19 mM ATP, and the reaction
was left overnight at 4°C. Generation mix for the amplification
(DASH pattern generation) was then prepared by following the
standard method with corresponding concentration of ligated
template-primer mix; the solution was then infused to the device
(fig. S42, no. 9-1) at 0.1 ul/min. For a maximum of 4 hours, time-
lapse video was recorded during the process; the results were then
imported using an in-house software.

DASH-avidin/streptavidin hybrid materials

The DASH pattern was generated using the standard protocol with
a zigzag pattern device (fig. S42, no. 9-1) over periods of 1 hour to
1 hour and 20 min. Immediately after DASH generation, a solution
(50 ug/ml) of either Texas Red-conjugated avidin or Texas Red-
conjugated streptavidin in 1x RepliPHI reaction buffer was flowed
through the device at 0.1 pl/min for 1 hour. Fresh 1x RepliPHI re-
action buffer was then flowed through the device for 30 min to re-
move any unbound protein before imaging.

For two-colored avidin binding, to ensure that the DASH pat-
terns formed evenly throughout the entire device, DASH genera-
tion solution was pumped through all inlets simultaneously (each at
0.1 ul/min). To avoid spectral overlap with fluorescein isothiocyanate
(FITC)-conjugated avidin, SYBR Green I was not included in the
generation mix. After DASH formation, Texas Red-conjugated
avidin (50 pg/ml) and FITC-conjugated avidin (50 ng/ml) were
pumped simultaneously into the device (one avidin conjugate per
inlet) at 0.1 pl/min each for 1 hour. Before imaging, the device was
flushed with 1x Phi29 reaction buffer for 15 to 30 min to reduce
background.

Hamada et al., Sci. Robot. 4, eaaw3512 (2019) 10 April 2019

DASH-quantum dots hybrid materials

The DASH pattern was generated using the standard protocol over
a period of 1 hour and 30 min without SYBR Green I. Immediately
after DASH generation, a solution (250 pg/ml) of FITC-conjugated
avidin (Thermo Fisher Scientific, Waltham, MA) in 1x RepliPHI
reaction buffer was flowed through the device at 0.1 ul/min for
1 hour and then followed by final 0.2 pM biotin-labeled Qdot 605
nanocrystals (Thermo Fisher Scientific, Waltham, MA) in 1x RepliPHI
reaction buffer for 10 to 30 min. Control samples were tested without
FITC-conjugated avidin.

DASH-AuNP hybrid materials

Citrate-coated 40- and 5-nm AuNPs were purchased from Ted
Pella (Redding, CA). The oligonucleotides used were ordered con-
jugated with a 5’ thiol group from Integrated DNA Technologies,
which was activated before attachment by deprotection using
tris(2-carboxyethyl)phosphine hydrochloride (TCEP). The oligo-
nucleotides were incubated at a ratio of 1:5 (DNA/TCEP). The
deprotected DNA was then added to the AuNPs at DNA/AuNP ra-
tios of 80:1 for the 5-nm AuNPs and 4200:1 for the 40-nm AuNPs
to ensure maximum surface coverage, followed by overnight
shaking at 500 rpm at room temperature. NaCl was then slowly
added over a period of 8 hours to a final concentration of 500 mM,
reducing DNA-DNA repulsion and further increasing the DNA
coverage. The nanoparticles were then purified of salt and excess
DNA by five rounds of centrifugation in nuclease-free water.

The DASH pattern was generated using the standard protocol
using device no. 9-1 (fig. S42). After 70 min of generation, DNA-
conjugated 5- or 40-nm AuNP solution with final 1x RepliPHI
buffer was flowed inside the device (0.1 ul/min) for 45 min. The
process was constantly monitored with a microscope to ensure
sufficient attachment of nanoparticles.

Cell-free protein expression
The DASH pattern generation was performed by following a proto-
col similar to the standard protocol, with a final seed concentration of
15 nM with 8 mM mix of dNTP, RepliPHI Phi29 DNA polymerase
(4 U/ul), and Hoechst 33342 (0.5 pg/ml) in 1x RepliPHI buffer
(see the Supplementary Materials for the generation seed prepara-
tion). Blue Hoechst dye was used to stain DNA for the confirmation
of DASH pattern generation instead of SYBR Green I to not overlap
with the green emission wavelength of sfGFP for the subsequent
protein expression steps. The generation process was monitored by
time-lapse observation until the pattern generation was complete.
After the DASH pattern generation process, a protein expression
primer was infused at 0.1 pl/min for 60 min. The primer sequence
was designed to bind T7 promoter regions present on the DASH
patterns to activate protein expression. The S30 T7 High-Yield Protein
Expression System from Promega (Madison, WI) was then used
for the protein expression. Nuclease-free water, S30 Premix Plus,
and S30 T7 Extract (both supplied with kit) were mixed in a ratio
of 2.4:4:3.6 and infused at 0.1 ul/min. For the direct observation
of cell-free protein expression (CFPE) in the DASH device, the
pump was programmed to pause every 20 min to increase the resi-
dence time. For a quantitative measurement (Fig. 4E), a solution
from a total of 2 hours of CFPE in the device was collected,
and fluorescence was measured using the Synergy 4 Microplate
Reader [with filters (Ex., 475 nm; Em., 508 nm)] from BioTek
(Winooski, VT).
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Fig. S1. Schematics of the generation seed preparation.

Fig. S2. Polyacrylamide gel electrophoresis of ligated templates with primers.

Fig. S3. Cross-sections of the DASH device.

Fig. S4. Overall device layout of the DASH device.

Fig. S5. Schemes for the “letter D" main chamber design.

Fig. S6. Standard structure elements of the DASH patterns.

Fig. S7. Experimental setup of the DASH generation.

Fig. S8. Overall process of DASH data analysis software.

Fig. S9. Polyacrylamide gel electrophoresis of original double-stranded plasmid and
single-stranded template after nicking enzyme and exonuclease treatment.

Fig. $10. Redistribution of long DNA without simultaneous synthesis.

Fig. S11. Redistribution of generation mix after 2.5-hours synthesis reaction, stopped with
Proteinase K.

Fig. $12. SEM image used for the spherical structure analysis.

Fig. S13. CFD simulation of velocity mapping inside a three-chamber device.

Fig. S14. CFD simulation of vorticity mapping inside a three-chamber device.

Fig. S15. Sample signal-to-noise ratio (SNR) data used for the generation starting time
analysis.

Fig. S16. A relation between characteristic flow velocity and vorticity obtained by CFD
simulation.

Fig. S17. A relation between vorticity and inverse of frame number of DASH generation
starting time.

Fig. S18. Flow velocity heat map of two devices with different pillar shapes.

Fig. S19. Flow vorticity heat map of two devices with different pillar shapes.

Fig. S20. Pillar shape comparison of the DASH pattern generation.

Fig. S21. Intensity plot from three sample points during generation and degeneration of the
DASH patterns.

Fig. S22. Location of three sample points used in fig. S21.

Fig. S23. Average intensity from the rectangle area (x = 700 to 740 px, y = 120 to 190 px) during
generation and degeneration of the DASH patterns.

Fig. S24. CFD simulation (particle trace) during generation and degeneration processes.
Fig. S25. Repeated generation and degeneration of the DASH patterns at the static location.
Fig. S26. Intensity plot from three sample points during repeated generation and
degeneration of the DASH patterns at the static location.

Fig. S27. Location of three sample points used in fig. S26.

Fig. S28. Average intensity plot from rectangular region (x = 820 to 851 px, y = 140 to 147 px)
during repeated generation and degeneration of the DASH patterns at the static location.
Fig. $29. Emergent locomotion behavior (wide track width, device no. 22-3).

Fig. $30. Schematics of DNA/RNA detection.

Fig. S31. Signal-to-noise ratio (SNR) of the generated DASH patterns from target samples.
Fig. $32. Signal-to-noise ratio (SNR) of the generated DASH patterns from non-target
samples.

Fig. S33. Average intensity versus SNR of the DASH patterns with positive and non-target
samples.

Fig. S34. DASH-avidin binding results.

Fig. $35. DASH-streptavidin binding results.

Fig. 536. DASH-quantum dot (Qdots) attachment result.

Fig. S37. DASH-AuUNP patterns.

Fig. $38. SEM observation of DASH-AUNP patterns.

Fig. $39. Avidin-horseradish peroxidase (HRP) activity verification using
3,3,5,5"-tetramethylbenzidine (TMB) substrate.

Fig. S40. Observation of avidin-HRP activity in the DASH device.

Fig. S41. Direct observation of CFPE from the DASH patterns.

Fig. S42. DASH device and track design catalog.

Tables S1. Sectional height measurement data of DASH devices.

Tables S2. Material settings used for CFD simulation.

Tables S3. Vorticity at the side of the pillars in a three-chamber device.

Tables S4. State transition function of FSA for the generation and degeneration of the DASH
patterns at the static location.

Movie S1. Generation of the DASH patterns.

Movie S2. Generation of the DASH patterns (confocal laser scanning microscopy).

Movie S3. Overlay of time-lapse video and CFD simulation.

Movie S4. Sequential generation and degeneration behaviors by DASH.

Movie S5. Repeated generation and degeneration behaviors by DASH.

Movie S6. Locomotion behavior powered by DASH.

Movie S7. Racing behavior powered by DASH.
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