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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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Fig. 4. Other applications of the DASH material. (A) Pathogen DNA/RNA detection by the generated DASH patterns. Positive samples at 500 and 50 pM were successfully
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-
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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,
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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).

8of 11

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


http://robotics.sciencemag.org/

SCIENCE ROBOTICS | RESEARCH ARTICLE

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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SUPPLEMENTARY MATERIALS
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Additional Materials and Methods

Supplementary Text

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
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Fig. $30. Schematics of DNA/RNA detection.
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Fig. S34. DASH-avidin binding results.

Fig. $35. DASH-streptavidin binding results.
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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.
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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.
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