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CONFERENCE OVERVIEW:
Foundations of Nanoscience is a yearly conference on the scientific underpinnings of
nanoscience, with self-assembly as a central theme. Topics include self-assembled
architectures and devices, at scales ranging from molecular to meso-scale.
Methodologies include experimental as well as theoretical approaches. The
conference spans many traditional disciplines including chemistry, biochemistry,
physics, computer science, mathematics, molecular biology and molecular medicine
and various engineering disciplines including MEMS.
Prior FNANO conferences have had a significant impact on the emerging fields of
nanoscience and self-assembly, by bringing together leading researchers in a strongly
interdisciplinary forum. FNANO 2020 follows in this tradition, featuring invited
talks by distinguished nanoscientists in a wide-ranging schedule of talks and posters.
This year, the physical meeting had to be cancelled. We have instead created a
virtual FNANO to allow us to continue to share our research despite the restrictions
that are affecting us all. The format is simple – we are making available
(universally) a programme of the conference and a ‘workbook’ containing all
abstracts with embedded links to videos, slide shows and posters provided by the
presenters (all abstracts not specifically withdrawn are included – not all have
links). We hope that you will take advantage of this informal ‘virtual conference’ to
maintain communication and encourage progress in our research community.
Please send notes of any problems in accessing the online presentations to
fnano20@easychair.org – we will forward them to the presenting authors.

THANKS
We express our sincere gratitude to all our sponsors, and in particular to Laura
Kienker, ONR Program Officer, Dr. Stephanie McElhinny, ARO Program Officer,
and Mitra Basu, NSF Program Officer for their continued support of FNANO.
Special thanks to Camelia Pierson Eaves at Duke University for her excellent work
behind the scenes.

Happy is he who gets to know the reasons for things.
Virgil (70-19 BCE)

CONFERENCE MOTIVATION: The Challenge of Self-Assembly of Molecular
Scale Structures
Construction at the molecular scale, in the 1 - 100 nanometer range, is one of the key
challenges facing science and technology in the twenty-first century. This challenge is at
the core of an emerging discipline of Nanoscience, which is at a critical stage of
development. There have been some notable successes in the construction of individual
molecular components (e.g., carbon nanotubes, and various molecular electronic devices),
and the individual manipulation of molecules by scanning probe devices. However, a key
challenge that remains largely unmet is the construction of complex devices out of large
numbers of these components. We need methods to help us hold, shape, and assemble
molecular components into complex structures and systems.
Top-down methods for nanofabrication, such as e-beam lithography, are well understood,
and widely used in engineering and manufacturing processes but have inherent limitations
in scale. Self-assembly is a much less well-understood construction process. Self-assembly
is a bottom-up method of construction whereby substructures spontaneously self-order into
superstructures driven by their selective mutual affinities. Chemists have for many decades
used self-assembly methods, for example, for the self-assembly of lipid or polymer layers,
but the resulting structures usually have limited complexity and are not readily
programmable. Living cells also assemble by bottom-up methods and, by contrast, display
complex and dynamic functional architectures. New synthetic methods, in particular those
based on biomolecular self-assembly, are allowing the creation of synthetic systems with
some of the same attributes. We hope that this Conference encourages the self- assembly
of a community of scholars who will be able to provide insights into this critical topic in
nanoscience and nanotechnology.
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Self-replication, Exponential growth, Mutations, Directed evolution,
Colloidal Architecture, and DNA Micro-Machines.
Guolong Zhu1*, Mark D. Hannel Jr.1, Ruojie Sha2, Xiaojin He2, Matan Yah Ben Zion1,
Yin Zhang1 ,Kyle J. M. Bishop3, David G. Grier1, Feng Zhou1, Kun Wang1, Nadrian C.
Seeman2 and Paul M. Chaikin1*
1 Department of Physics, New York University, New York, NY
2 Department of Chemistry, New York University, New York, NY
3 Department of Chemical Engineering, Columbia University, New York, NY
https://drive.google.com/file/d/197ImGQRdaya1_Do9LkETDd-NxS_B5ZWF/view?usp=sharing

Self-replication and evolution under selective pressure are inherent phenomena in life,
but few artificial systems exhibit these phenomena. We have designed a process and a
system of DNA origami tiles that exponentially replicate a seed pattern, doubling (or
more) the copies in each diurnal-like cycle of temperature and UV illumination,
producing more than 7 million copies in 24 cycles. We demonstrate environmental
selection in growing populations by incorporating pH sensitive binding in two subpopulations. We also use DNA origami to self-assemble complex arrangements of
colloids and emulsion droplets with highly specific geometry showing control over
valence, position, dihedral angles, chirality and to make DNA micro-machines.
Objectives - Control of:
Valence
Particle Positions
Dihedral Angles
Bond Angles (cis-trans - arbitrary)
Chirality
Build Sequentially
Make and Fold Linear Structures
Activate
Self-Replication and exponential growth
Strategy
Use the Molecular scale control of
DNA Nanotechnology
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Meta-DNA Structures
Guangbao Yao1,2, Fei Zhang1, Hao Liu1, Erik Poppleton1, Petr Šulc1, Chunhai Fan2*, Hao Yan1*.
1School of Molecular Sciences and Center for Molecular Design and Biomimetics at the
Biodesign Institute, Arizona State University, Tempe, AZ 85281, USA
2Frontiers Science Center for Transformative Molecules, School of Chemistry and Chemical
Engineering, and Institute of Molecular Medicine, Renji Hospital, School of Medicine, Shanghai
Jiao Tong University, Shanghai 200240, China
*E-mail: fanchunhai@sjtu.edu.cn; hao.yan@asu.edu
https://www.dropbox.com/s/g8nk7zv13l2375o/Meta-DNA-Guangbao%20Yao.mp4?dl=0
DNA origami has emerged as a highly programmable method to construct customized objects
and functional devices in the 10-100 nanometer scale. Scaling up the size of the DNA origami
would create many potential applications, including but not limited to, metamaterial construction
and surface-based biophysical assays. Recent efforts to enlarge DNA origami architectures have
focused on the hierarchical self-assembly of the DNA origami through using of short sticky-end
cohesion and/or blunt end adhesion. These techniques also involve geometric matching to form
2D patterns and 3D objects. Here, by using meta-scale building blocks to form more diverse and
complex structures in the micrometer scale, we are able to mimic the molecular behaviors of
DNA strands and their assembly strategies. We demonstrate that a 6-helix bundle DNA origami
nanostructure in the sub-micrometer scale (meta-DNA) could be used as a meta-scale analogue
of a single-stranded DNA (ssDNA). By programming the molecular self-assembly of meta-DNA,
a wide variety of micrometer-sized DNA architectures have been obtained. First, we
demonstrated that two meta-DNAs containing complementary “meta-base pairs” can form
double helices with programmed handedness and helical pitches. Then, a series of submicrometer to micrometer scale DNA architectures, including meta-multi-arm junctions, 3D
polyhedrons, and various 2D/3D lattices were constructed to show the versatility of the metaDNA. Furthermore, we demonstrated a hierarchical strand-displacement reaction on meta-DNA
to transfer the dynamic features of DNA to the meta-DNA. The meta-DNA is an ideal universal
building block for scaling up DNA origami nanostructures due to several of its distinctive
properties, such as programmable interactions, tunable rigidity/flexibility, controllable helical
chirality, and versatile self-assembly directionality. This meta-DNA self-assembly concept may
transform the microscopic world of structural DNA nanotechnology.
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1

Fig. Schematics of DNA and Meta-DNA self-assembly structures.
Left: schematics of three DNA self-assembly strategies for creating DNA nanostructures. 1) Selfassembly of short strands; 2) Scaffold origami that contains many short strands and a single
long DNA strand; and 3) single-stranded DNA origami that contains one long DNA strand with a
designated sequence.
Right: Models of dsM-DNA that can be created as right-handed or left-handed helix. A 6-helix
bundle DNA origami (blue) mimics the “backbone” of M-DNA. The different colored rods
represent an array of 10-nt double-stranded DNA that mimic the “base pairs” between the MDNA. Examples of sub-micrometer-scale structures based on M-DNA, including self-folded, selflinked, and self-assembled 2D and 3D structures.
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Triangulated wireframe structures: Polymerase-assisted
gap filling, and assembly from single-stranded tiles
N. P. Agarwal, M. Matthies, B. Joffroy, E. Poppleton, F. M. Joshi, P. Šulc
& T. L. Schmidt*
*Kent State University | Department of Physics
105 Smith Hall | Kent, OH, 44242, USA
tschmi21@kent.edu
Video of the talk: https://youtu.be/iQw2beg9Dqo
We have explored the possibility to synthesize the complementary sequences to singlestranded gap regions in DNA origamis cost effectively by a DNA polymerase rather than
by a DNA synthesizer. For this purpose, wireframe DNA origami structures consisting of
equilateral triangles1 were folded with single-stranded gap regions. This reduced the
number of chemically synthesized nucleotides needed to determine the shape and size of
the final structure by up to 66%.2 Optimized gap-filling reactions were completed in less
than 3 min. The introduction of flexible gap regions in folded origamis resulted in fully
collapsed or partially bent structures due to entropic spring effects. We demonstrated
structural transformations with DNA polymerases including the expansion of collapsed
structures and the straightening of curved tubes. We anticipate that this approach will
become a powerful tool to build DNA wireframe structures more material-efficiently, and
to quickly prototype and test new wireframe designs that can be expanded, rigidified, or
mechanically switched.2
Moreover, we extended the single-stranded DNA tile method to cover a range of
anisotropic, finite, triangulated wireframe structures as well as one-dimensional crystalline
assemblies. These structures are composed of six-arm junctions with a single double helix
as connecting edges that assemble in physiologically relevant salinities.3 For a reliable
folding of the structures, 2−4 nucleotides of single-stranded spacers have to be introduced
in the junction connecting neighboring arms. Coarse-grained molecular dynamics
simulations using the oxDNA model suggest that the spacers prevent the stacking of DNA
helices, thereby facilitating the assembly of planar geometries. 3

(1) Matthies, M.; Agarwal, N. P.; Schmidt, T. L. Design and Synthesis of Triangulated
DNA Origami Trusses. Nano Lett. 2016, 16 (3), 2108–2113.
(2) Agarwal, N. P.; Matthies, M.; Joffroy, B.; Schmidt, T. L. Structural Transformation of
Wireframe DNA Origami via DNA Polymerase Assisted Gap-Filling. ACS Nano
2018, 12 (3), 2546–2553.
(3) Matthies, M.; Agarwal, N. P.; Poppleton, E.; Joshi, F. M.; Šulc, P.; Schmidt, T. L.
Triangulated Wireframe Structures Assembled Using Single-Stranded DNA Tiles.
ACS Nano 2019, 13 (2), 1839–1848.
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Architectured Nanomaterials from DNA
Ruixin Li, Haorong Chen, and Jong Hyun Choi*

School of Mechanical Engineering, Purdue University
*Email: jchoi@purdue.edu
Presentation Link: https://docs.lib.purdue.edu/mepres/2/
Architectured metamaterials are engineered artificial systems with mechanical properties defined
by their structure rather than chemical composition. They display unique auxetic behaviors that
are distinct and different from those of regular materials. The difference is manifested by the
Poisson’s ratio which measures the proportional decrease or increase in a lateral measurement
to the increase in length in a material under elastic stretch:
ȟݕൗ
ߝ௬
ݕ
=െ
ߥ=െ
ȟݔൗ
ߝ௫
ݔ
Auxetic structures exhibit negative values of Poisson’s ratio (thus, often termed negative
Poisson’s ratio or NPR materials), whereas regular materials show positive values. This means
that, for example, they can be compressed horizontally, when compressed vertically. This unique
property may be exploited for energy absorption mechanisms and adaptive, reconfigurable
materials with enhanced toughness and shear resistance.
Here we demonstrate two dimensional (2D) architectured metamaterials from DNA that exhibit
negative Poisson’s ratio. We characterize their auxetic properties and investigate underlying
mechanics. We constructed several auxetic nanostructures from DNA origami, including reentrant honeycomb and re-entrant triangle. Given nanoscale dimensions, we implemented
chemical loading (strand displacement) to demonstrate auxetic deformations. Simultaneously, a
coarse-grained molecular dynamics (MD) simulations on the oxDNA platform was performed to
study structural behaviors under external loads, determining mechanical properties such as
Young’s modulus. We found that auxetic behaviors under chemical and mechanical loads are
similar and qualitatively consistent, and that not only structure but chemistry also plays a role in
behaviors of architecture metamaterials. Finally, we explored the classical elasticity theory to
develop design guidelines for auxetic structures.
This work provides detailed insights into the mechanics of deformable DNA structures. Such
understanding could be critical for constructing adaptable, self-healing materials via biomolecular
self-assembly. Compared to other biomolecules, DNA-based approach should be superior in
achieving structural complexity and controllability. Finally, with advent of strategies that can
address the scalability, the findings from this study may open up new engineering opportunities.

(a)

(b)

(c)

J
Figure 1. (a) Theoretical Poisson’s ratio as a function of internal angle. (b) Atomic force
microscope (AFM) images of a re-entrant triangle at two different angles. The structural
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transformation is completed by strand displacement (chemical loading). (c) Coarse-grained MD
calculations of a re-entrant triangle under mechanical loads, simulating auxetic behaviors in (b).
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Synthetic Cellular Constructs based on Hierarchical SelfAssembly and Silica Bioreplication
Jeff Brinker, Department of Chemical and Biological Engineering and Members
of the UNM Comprehensive Cancer Center, the University of New Mexico,
Albuquerque, NM. jbrinker@unm.edu
https://cbe.unm.edu/research/fnano2020.pdf
Mimicking the form and function of natural systems remains a holy grail of
materials science. To address the challenges of biomimetic materials synthesis, our
group pioneered a spectrum of self- and directed-assembly methods that serve as a
tool kit to fabricate synthetic structures with architectures rivaling the complexity
of natural materials. In a review of published work, this lecture first discusses the
assembly and function of nanosized cellular constructs referred to as protocells
wherein mesoporous silica nanoparticles are loaded with diverse cargos and
encapsulated within conformal supported synthetic or natural lipid bilayers. Using
intravital imaging within the chick chorioallantoic membrane model, we
demonstrate targeted drug delivery to individual disseminated cells of interest for
treatment of leukemia and metastatic cancer. We then discuss the process of silica
cell replication wherein all cellular features are transformed into exact silica replicas
in a self-limiting process. The bio-composite replicas preserve indefinitely selective
surface antigen binding and multiple protein functions in their native 3D contexts.
Silicified red blood cell (RBC) replicas serve as a starting point for rebuilding
completely synthetic RBCs via layer-by-layer polymer deposition, silica etching and
fusion of native RBC membranes. Rebuilt RBCs can be loaded with multiple cargos
and circulate much like native RBCs, providing an unusual example of a long
circulating synthetic macroparticle. Silicified cancer patient cell replicas preserve
cancer neo-antigens and serve as the basis for a personalized cancer vaccine.

Molecular probe
recognition of
intracellular and
membrane bound
components of A549
cell after silica cell
replication, drying, room
temperature storage,
and buffered HF silica
etching to re-reveal the
biomolecular interfaces.
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Liquid-liquid phase separation (LLPS) of proteins is a fundamental process in living cells. It underpins the
formation of functional, non-membrane bound, liquid-like compartments involved in cell function and
development, such as the nucleolus and Cajal bodies, and many more. These membraneless organelles can
separate and concentrate specific sets of molecules in a highly dynamic manner. They also exchange
components with their microenvironments rapidly. Within the liquid droplet, proteins maintain or acquire a
folded structure, and conserve functions such as specific protein recognition.
We are exploiting LLPS to generate designer membraneless organelles that recapitulate complex functions,
and incorporating them within a synthetic protein-based cell, the “ProteoCell”. This is a functional, lipid-free,
'living' cell in which proteins pick up the function of lipids to create multi-compartment 'ProteoCells' that can
self-generate, house reactions to produce products, interact with other ProteoCells, and in total, define a
new type of cell-like structure with fundamentally novel properties.
We aim to design organelles that incorporate desired enzymes by tagging them with intrinsically disordered
sequences that can optimally solvate them, and colocalizing elements of reaction cascades. To guide the
design of the LLPS tags, we are using a multiscale simulation approach that predicts the ability to undergo
phase separation in response to variations in concentration, solution temperature and electrolyte
concentration. The model simulates the behavior of micrometer-sized systems and captures experimentally
determined temperature-dependent LLPS. We have demonstrated the incorporation of HPR in LLPS droplets
formed by Ddx4 tags, and explored the reactivity of the enzyme within the droplet.
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6LQJOH0ROHFXOH6HTXHQFLQJZLWK3RO\PHUDVH1DQRFLUFXLWV

0DFNHQ]LH:7XUYH\&DOYLQ-/DX.ULVWLQ1*DEULHO-RVKXD..LP:RQEDH/HH
5HEHFFD9DUJDV6XGLSWD0DMXPGDU*UHJRU\$:HLVVDQG3KLOLS*&ROOLQV 
Departments of Physics and Astronomy, Molecular Biology and Biochemistry, and
Chemistry, University of California at Irvine, Irvine, CA 92697
&RUUHVSRQGLQJDXWKRUFROOLQVS#XFLHGX



1H[WJHQHUDWLRQ'1$VHTXHQFLQJKDVPDGHUDSLGSURJUHVVRYHUWKHSDVWGHFDGHZLWK
VLQJOHPROHFXOH WHFKQLTXHV HQDEOLQJ UDSLG DGYDQFHPHQWV LQ WKH ILHOG 6WLOO IDVWHU DQG
FKHDSHU '1$ VHTXHQFLQJ GHPDQGV WKDW WHFKQRORJLVWV VXFFHVVIXOO\ PHUJH QDQRVFDOH
ELRIXQFWLRQZLWKWKHW\SHRIGHYLFHGHQVLW\DQGVFDOLQJWKDWLVPRUHW\SLFDORIVROLGVWDWH
HOHFWURQLFV5HFHQWO\H[FLWHPHQWKDVEHHQJURZLQJDERXWWKHSRWHQWLDOIRUDFKLHYLQJWKLV
FRQYHUJHQFHZLWKVLQJOHPROHFXOHHOHFWURQLFV6LQJOHPROHFXOHGHYLFHVZLWKIXQFWLRQLQJ
SURWHLQVDVWKHDFWLYHHOHPHQWUHSUHVHQWDQHZFRQFHSWIRUUHFRUGLQJELRFKHPLFDODFWLYLW\
0XOWLSOH UHVHDUFK WHDPV KDYH FROOHFWHG VLJQDOV IURP LQGLYLGXDO SURWHLQV E\ OLQNLQJ
ELRPROHFXOHVWRQDQRVFDOHHOHFWURGHV

)LJXUH  LOOXVWUDWHV WKH FRQFHSW RI GLUHFW HOHFWURQLF UHDGRXW IURP D PROHFXOH RI '1$
SRO\PHUDVH >@  7KH DFWLYH HQ]\PH LV WHWKHUHG WR D VXIILFLHQWO\ VHQVLWLYH HOHFWURGH
GHSLFWHGKHUHDVDVLQJOHZDOOHGFDUERQQDQRWXEH,QDSK\VLRORJLFDOEXIIHUVROXWLRQRI
VLQJOHVWUDQGHG '1$ WHPSODWH DQG FRPSOHPHQWDU\ QXFOHRWLGHV '1$ SRO\PHUDVH
VSRQWDQHRXVO\SURFHVVHVWKHWHPSODWHLQWRDGRXEOHVWUDQGHGKHOL[8SRQWKHVXFFHVVIXO
IRUPDWLRQRIHDFKQHZEDVHSDLUWKHHQ]\PH¶VDFWLYLW\LQGXFHVG\QDPLFIOXFWXDWLRQVǻI t 
LQWKHXQGHUO\LQJQDQRWXEHWKDWDUHDGHWDLOHGUHDOWLPHUHFRUGRIDFWLYLW\

2QFH RSHUDWLQJ D VLQJOH SRO\PHUDVH PROHFXOH PD\ EH PRQLWRUHG FRQWLQRXVO\ DV LW
VHTXHQWLDOO\ SURFHVVHV GLIIHUHQW '1$ WHPSODWHV  :H KDYH IROORZHG VLQJOH HQ]\PHV
WKURXJK ! ERQGIRUPLQJ HYHQWV SURYLGLQJ QHZ LQVLJKWV LQWR WKHLU SURFHVVLYLW\
NLQHWLFYDULDELOLW\VHQVLWLYLW\WRJHQHWLFVHTXHQFHDQGWROHUDQFHWRZDUGV\QWKHWLFG173
DQDORJV  3RO\PHUDVHV IURP IRXU GLIIHUHQW RUJDQLVPV KDYH EHHQ VWXGLHG WR WHVW WKH
JHQHUDOLW\ RI WKH WHFKQLTXH WR FRPSDUH DQG FRQWUDVW VLJQDOV JHQHUDWHG E\ PRGHVW
VWUXFWXUDO GLIIHUHQFHV DQG WR GHWHUPLQH WKH QHFHVVDU\ FKDUDFWHULVWLFV IRU DFFXUDWH
VHTXHQFLQJ)RUH[DPSOHĳ29'1$SRO\PHUDVHLVDQHQ]\PHZLWKH[WUHPHO\KLJKILGHOLW\
DQGSURFHVVLYLW\EXWDWHQGHQF\IRUORQJXQSUHGLFWDEOHSDXVHVEHWZHHQEXUVWVRIDFWLYLW\
Taq '1$ SRO\PHUDVH RQ WKH RWKHU KDQG LV WKH SUHPLHU FRPPHUFLDO HQ]\PH IRU
SRO\PHUDVHFKDLQUHDFWLRQ 3&5 EHFDXVHRILWVVWDEOHDFWLYLW\DW&

7KHVH K\EULG ELRHOHFWURQLF GHYLFHV DUH SURYLQJ WR EH D YHUVDWLOH DQG UHSURGXFLEOH QHZ
WRRO IRU VLQJOHPROHFXOH VFLHQFH DQG SRWHQWLDOO\ D KLJKGHQVLW\ KLJKWKURXJKSXW '1$
VHTXHQFLQJ SODWIRUP >@  )XUWKHUPRUH WKHVH K\EULG VROLGVWDWH GHYLFHV KDYH PDQ\
DGYDQWDJHV RYHU PRUH WUDGLWLRQDO VLQJOHPROHFXOH WHFKQLTXHV  6LQJOHPROHFXOH DFWLYLW\
FDQEHFRQWLQXRXVO\PRQLWRUHGZLWKRXWIOXRUHVFHQWODEHOLQJRUWKHR[LGDWLRQDQGEOHDFKLQJ
WKDWDFFRPSDQ\ODVHULOOXPLQDWLRQ(OHFWURQLFWUDQVGXFWLRQFDQUHVROYHVXEPLFURVHFRQG
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G\QDPLFV >@ DQG WHPSHUDWXUH LQVHQVLWLYLW\ DOORZV KLJKWHPSHUDWXUH RSHUDWLRQ ZLWK
WKHUPRSKLOHVOLNHTaqSRO\PHUDVH

7KLVUHVHDUFKLVVXSSRUWHGE\1,+1+*5,5+*

5HIHUHUHQFHV
>@<&KRLetalScience  
>@7-2OVHQet. alJACS  .03XJOLHVHet. al.JACS  
>@2*O et al.Biosensors  
>@09$NKWHURYetalACS Chem. Biol.  
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Complex order in self-assembled nanocrystal superlattices
Michael Gruenwald, University of Utah
Watch the presentation at: https://vimeo.com/418322061

Self-assembly of nanocrystals into functional materials requires precise control over
nanoparticle interactions in solution, which are dominated by organic ligands that densely
cover the surface of nanocrystals. Recent experiments have demonstrated that small
nanocrystals can self-assemble into a range of superstructures with different translational
and orientational order of nanocrystals. The origin of this structural diversity remains
unclear. In this presentation, I will discuss our recent efforts to understand the self-assembly
of these nanocrystals over a broad range of ligand lengths and solvent conditions
using molecular dynamics computer simulations. We show that small differences in
nanoparticle shape, ligand length and coverage, and solvent conditions can lead to markedly
different self-assembled superstructures due to subtle changes in the free energetics
of ligand interactions. Our results rationalize the large variety of different reported
superlattices self-assembled from seemingly similar particles and can serve as a guide for
the targeted self-assembly of nanocrystal superstructures.
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74-+=4): :7*7<1+; 1; )6 16<-:,1;+18416):A :-;-):+0 .1-4, <0)< )15; <7 +76;<:=+< 6)675-<-:
51+:75-<-:;1B-,,A6)51+)4:7*7<;5),-7.7:/)61+874A5-:5)<-:1)4;)6,*175)<-:1)4;;=+0);
;8:7<-16;)6,4181,;74-+=4)::7*7<;):--@8-+<-,<70)>-574-+=4):;-6;7:;574-+=4):
+758=<-:;)6,574-+=4):)+<=)<7:;16<0-1:*7,A)6,<7?7:316)<16A;8)+-16)6)=<76757=;
5)66-: ;=+0 ); 0-)416/ 16 0=5)6 *7,1-; )4<07=/0 <0- 16<-/:)<176 7. <07;- .=6+<176; 16 76-
574-+=4): :7*7< *7,A 1; ;<144 ,1..1+=4< 6 7=: :-;-):+0 /:7=8 <7 16<-/:)<- 5=4<184- .=6+<176; .7:
574-+=4)::7*7<;)6,<7+76<:74<07;-.=6+<176;16)8:7/:)55)*4-5)66-:?-0)>-+=::-6<4A
*--6+0)44-6/16/<7+76;<:=+<51+:75-<-:;1B-,+)8;=4-;)6,,:784-<;?01+0?144*-
;07?616<01;8:-;-6<)<176
1:;<?-?144:-87:<)7:1/)516)6784)<-*);-,-5=4;176?1<0,-;1/6-,6)6787:-.=6+<176
1/  ' ( #7 ,)<- 5)6A .=6+<176)4 51+:7-6+)8;=4)<176 <-+06747/1-; 16+4=,16/ 4181, *14)A-:
>-;1+4-;)6,?)<-:16714-5=4;176;,:784-<;!-+-6<4A6)6751+:78):<1+4-;<)*141B-,-5=4;176;
+)44-, 1+3-:16/-5=4;1760)>-*--6:-87:<-,16<0->1-?8716<7..=6+<176)451+:7:-)+<7:;#7
-@<-6, <0- 87;;1*141<A ?- +76;<:=+<-, 6)6784)<-;<)*141B-, -5=4;176 *-+)=;- 
6)6784)<-8:7,=+-,*A7:1/)515-<07,?1440)>-<0-,-;1/68:7/:)55)*141<A?01+0?144*-
-@8-+<-,);<0-*);1;7.16<-/:)<-,5=4<1.=6+<176)4+)8;=4):51+:7;<:=+<=:-;.7:01/08-:.7:5)6+-
574-+=4)::7*7<;16<0-.=<=:--:-?-/-6-:)<-,0-@)/76)46)6784)<-?1<0)*7=<
65
16,1)5-<-:)6, 6516<01+36-;;=;16/7:1/)51<-+06747/A1/ )*#0-6)6784)<-;
?-:-)580180141B-,*A<0-57,1.1+)<1767.<0-764A76-.)+-7.<0-0A,:780141+6)6784)<-?1<0
0A,:7807*1++074-;<-:74/:7=8;6)9=-7=;;74=<1767.<0-)580180141+6)6784)<-?);8=<
16<7)671480);-7.516-:)4714)6,<0-6<0-<?780);-;74=<176?);-5=4;1.1-,1/ +A<0-
51+:7;+781+ 7*;-:>)<176 51+:7-5=4;176 ;<)*141B-, ?1<0 <0- )580180141+  6)6784)<-; ?);
+76.1:5-,1/ ,16)44A?-+76.1:5-,<0-176<:)6;87:<)<176*-<?--6+76<)+<-,<?7,:784-<;
;<)*141B-, ?1<0 <0- )580180141+  6)6784)<-; ?1<0 ) 6)6787:- =;16/ ) 51+:7,->1+- .7: 176
+=::-6<5-);=:-5-6<#01;:-;=4<;=//-;<;<0)<<0-16<-/:)<1767.8:7/:)55-,.=6+<17676
7:1/)516)6784)<-*);-,-5=4;1761/ -
"-+76,?-?144:-87:<),:784-<8:7,=+-,<0:7=/0419=1,419=1,80);-;-8):)<1767.)
6)67;<:=+<=:-6)5-,&57<1.;74=<1761/ )*' (6<01;;<=,A?-.7=6,<0)<<0-80);-
*-0)>17:7.&57<1.+7=4,*-+76<:744-,*);-,76<0-;-9=-6+-,-;1/67.<0-<-:516)4;<1+3A
-6,7.<0-*:)6+0-;7.&57<1.4;7?-.7=6,<0)<<0-.=;1767.<0-419=1,413-,:784-<;
+7=4,*-+76<:744-,*);-,76<0-;<1+3A-6,;-9=-6+-1/ +)6,<0)<<0-)=<76757=;.1;;176
7.,:784-<+7=4,*-)+01->-,?1<0-6BA5)<1+:-)+<1761/ ,16)44A?-,-576;<:)<-,
8:7<-1687;1<17616/16<0-,:784-<;*);-,76<0-;-9=-6+-1/ ,#0-;-:-;=4<;;07?<0)<
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<0-+76,-6;-,;7.<5)<<-:80);-7.6)67;<:=+<=:-+)6*-=;-,);)574-+=4)::7*7<*7,A
<0)<0);<0-16<-/:)<176)*141<A7..=6+<176)4574-+=4-;;=+0);8:7<-16;
$- *-41->- <0)< <0-;- <-+06747/1-; ?144 8:757<- <0- +76;<:=+<176 7. 574-+=4): :7*7<; ?1<0
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Synthetic Chemotaxis: Path Tracking Vesicles with DNA Walkers
Jing Pan1, Yancheng Du2, and Jong Hyun Choi2*
1

Department of Mechanical and Aerospace Engineering, University of Florida
2
School of Mechanical Engineering, Purdue University
*Email: jchoi@purdue.edu

Presentation link: https://docs.lib.purdue.edu/mepres/1/
Cell motility is a crucial function that gives rise to various complex biological processes such as
embryogenesis and wound repair. Chemotactic cell migration on surfaces, in particular, plays a
critical role in immune response. For example, neutrophils chase bacteria by sensing biochemical
signals and crawling with a sustained increase in speed (i.e. chemokinetic response), and
ultimately engulf them via phagocytosis. Recently, synthetic minimal cells were developed as a
versatile platform for advancing fundamental understanding in biology as well as for creating novel
biomedical applications including drug delivery and chemical microreactors. Engineering cellmimicking functions such as directed motility in synthetic protocells will thus provide new
opportunities. While various molecular machinery was developed to create biomimetic functions
in synthetic protocells, few mechanisms have been proposed for control of cell migration and
chemotactic motility.
Here we demonstrate dynamic synthetic vesicles (SVs) capable of chasing one another on two
dimensional (2D) surfaces by programming DNA components.1 As a programmable material,
DNA has been engineered for generating synthetic molecular systems such as nanostructures,
affinity reagents, motors, and logic gates. We show that directed motility in DNA functionalized
SVs can be achieved by combining toehold switchable oligonucleotides with signaling strands
and that the ‘follow’ vesicle recognizes the path that the ‘lead’ vesicle has travelled and tracks the
trajectory with enhanced speed. To demonstrate such synthetic chemotaxis, we first selfassembled vesicles using phospholipid-oligonucleotide conjugates whose sequence contains our
motility designs. The vesicle has an average diameter of ~200 nm and decorated with multiple
DNA walkers such that it can migrate on an RNA fuel decorated glass coverslip.
Figure 1 illustrates our mechanism for directed and chemokinetic motility using signaling
oligonucleotides. The surface RNA consists of two fuel domains for lead (grey) and follow (blue)
vesicles. The two fuels contain 10-nt complementary segments and initially form a hairpin
structure (state (i)). An 8-nt toehold is available for binding the lead SV (state (ii)). The
hybridization of the lead SV activates the RNA switch through toehold mediated strand
displacement and exposes the follow fuel domain. After fuel activation, a nuclease will find and
cleave the RNA fuel such that the vesicle will thus explore the fuel surface and migrate toward
new unexplored regions with intact RNA fuels (state (iv)). After lead SV movement, the follow
vesicle (green) will hybridize to the now-activated fuel and start migration (state (v)). The follow
vesicle is designed with shorter DNA walkers than the lead vesicle so that the follow SV will chase
the lead SV with increased velocity on track. The most critical step in this process is that the follow
vesicle will have a strong bias to stay on the activated fuels such that it will move only along the
path that the lead SV has explored, thus chasing the lead vesicle (state (vi)).
Figure 2 shows our experiments where the lead vesicle first demonstrates autonomous migration
dynamics powered by nuclease, exhibiting average velocity of ~1 nm/s. After lead vesicle
migration, follow vesicles were introduced and randomly searched for activated fuels. If a follow
vesicle intersected the lead SV’s path as its initial position, it started to follow the track. Note that
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for follow vesicles that did not intersect with lead vesicle paths, no significant movements or speed
were observed as all RNA fuels were inactive for follow SV migration. The follow SV in tracking
experiments starts randomly on the lead SV trajectory and can move towards either direction.
Once it migrates in a particular direction, it will continue to trail the path, because its motion outside
the path will be suppressed. The trajectories show that the follow vesicle moved in the opposite
direction on the lead vesicle path.
Further analysis confirms the follow vesicle’s designed chemokinetic behaviors. In natural
chemotaxis, neutrophils for example, chemokinetic motility plays a critical role in chasing and
eliminating bacteria. In the path tracking experiment, the follow vesicle migrated with significantly
greater velocity (increased by ~50%) than the lead vesicle. This results from our DNA motif design
as the follow vesicle has a shorter walker length (15-nt) than the lead vesicle (18-nt). To the best
of our knowledge, this is the first demonstration of DNA programmed coordination between two
migrating vesicles. This work opens new possibilities for DNA programmable biochemical
communication and coordination among protocells. The extensive library of dynamic DNA
systems may allow researchers to create complex behaviors in synthetic cells that could ultimately
match the complexity of their natural counterparts.

Figure 1. (a) Schematic of an engineered vesicle with DNA programmable motility on 2D
surface. (b) A follow vesicle (green) chases a lead vesicle (red), enabled by switchable RNA
fuel, which contains two fuel domains (gray and blue) for lead and follow vesicles. The follow
vesicle fuel is initially shielded in a hairpin structure (i). A lead vesicle first associates with the
lead fuel (gray) (ii) and activates the fuel through strand displacement (iii). After the lead vesicle
migrates toward adjacent unexplored fuel area (iv), the follow vesicle will then find the activated
fuel (v) and experience a strong bias that forces it to move only along the trajectory of the lead
vesicle, thus demonstrating the path tracking behavior (vi).

Figure 2. Programmed chemotactic vesicle migration. The trajectories of lead (red) and follow
(green) vesicles as a function of time and dimensionless time, Fourier number, Fo = Dt/r2 where
D is a diffusion coefficient, t is time, and r is the vesicle radius.
References:
1 Pan, J. et al. Mimicking Chemotactic Cell Migration with DNA Programmable Synthetic
Vesicles. Nano Letters 19, 9138-9144 (2019).
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Click here or visit https://youtu.be/J77JyjR6olw to view the recorded talk.
ignal transduction across phospholipid bilayer allows cells to respond to their external environment and communicate with neighboring cells. Trans-membrane signal transduction by highlyevolved membrane proteins such as G-protein coupled receptors (GPCR’s) play crucial role in
regulating physiological processes such as proliferation, diﬀerentiation, metabolism and apoptosis.1
De novo engineering of the aspects of the cellular signal transduction machinery with artiﬁcially
designed molecular devices has enormous opportunity in synthetic biology for potential application
in artiﬁcial tissue signaling, biosensing, and controlled drug delivery.2
In principle, GPCR’s consist



of a dynamically-reconﬁgurable
hydrophilic–hydrophobic–hydrophilic (Hi–Ho–Hi) molecular
structure where the hydrophobic part is buried in the lipid bilayer while the two hydrophilic
ends remain on the two sides



of the bilayer.
Membrane
spanning DNA nanostructures
have been demonstrated previously3 that mimic several type
of membrane proteins such as
ion channels, membrane sculpting proteins or lipid ﬂippase.
Here, we demonstrate Trans- Fig. 1. Transmembrane Signal Transduction by TraNS nanodevice. (A) Schematic representation of conﬁgurational switch of TraNS. Opening of the closed TraNS can be visualized by the (B) Fluorescence spectra
membrane signal transduction where
furthering of the donor dye from quencher the open structure leads to an increase of ﬂuorescence as and
by a Transmembrane Nano (C) PAGE gel where the open structure being less compact than the closed structure, moves slower than the
closed structure in the gel. (D) Schematic representation of target speciﬁc transmembrane signalling of TraNS.
Sensor (TraNS) DNA nanode- Cholesterol modiﬁed TraNS (left column) inserts through the membrane but non-cholesterol TraNS (right column)
not insert. Presence of correct target DNA molecule (top row) inside the membrane leads to opening of
vice. Our TraNS device inserts does
the inserted TraNS. This phenomenon is supported by (E) corresponding change of ﬂuorescence of the donor
through lipid membrane and dye.(F) Non small cell lung cancer (NSCLC) speciﬁc micro-RNA miR21-5p sensing by miR21-5p speciﬁc TraNS
in exosomes. NSCLC cell derived exosomes show increase in ﬂuorescence compared to negative controls with
dynamically reconﬁgures upon healthy human donor serum derived exosomes.
sensing a membrane-enclosed
DNA or RNA target, thereby transducing biomolecular information accross lipid membrane. Four

S



(

  ! " ) (%

'

 














$

$

$

$

$'









12 3+  "

( 





 ) (  ! "



( (



 

  

  ! "

 





 





   

 





( +,  
( +, + -!.
( +,
+   /
( +, -0   /

( 

&&

&'

&%

 



#



$



*  "

FNANO 2020 Proceedings

29

%

interwoven DNA strands are self-assembled to form the scissor-shaped nanostructure of the TraNS
device. Hydrophobic cholesterol anchors are covalently conjugated to each nanostructure to create
a hydrophobic belt around it, similar to the Hi–Ho–Hi molecular signature of GPCR’s, that helps
it to span the lipid bilayer. Using the precise design principles of DNA nanotechnology, we design
the TraNS device such that after insertion to lipid bilayer, it selectively switches from a closed to an
open state upon sensing a nucleic acid target encapsulated inside the membrane. Gel electrophoresis and ﬂuorescence spectra conﬁrms the formation and conﬁgurational switch of the TraNS device.
Current eﬀorts are focused on employing the TraNS device for biosensing application by detecting
the presence of non-small cell lung cancer speciﬁc micro-RNA – miR-21-5p in exosomes.
References
1. Hunter T (2000) Signaling2000 and beyond. Cell 100(1):113–127.
2. Lister FG, Le Bailly BA, Webb SJ, Clayden J (2017) Ligand-modulated conformational switching in a fully synthetic
membrane-bound receptor. Nature Chemistry 9(5):420.
3. Langecker M, Arnaut V, List J, Simmel FC (2014) Dna nanostructures interacting with lipid bilayer membranes. Accounts of chemical research 47(6):1807–1815.
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Feedback regulation of crystal growth with monomer buffering
Samuel W. Schafftera (sschaff6@jhu.edu), Dominic Scaliseb, and Rebecca Schulmana,c
a

Chemical & Biomolecular Engineering, Johns Hopkins University; bBioengineering,
California Institute of Technology; cComputer Science, Johns Hopkins University

Molecular self-assembly via crystallization is a powerful technology that can
produce millimeter- or larger-scale order from atomic or molecular components. However,
crystal growth is highly sensitive to conditions such as temperature and monomer
concentration. To control the types of crystals that grow, seed crystals are often used but
there is typically a narrow range of monomer concentrations that favor isothermal growth
from nucleating seeds and monomer depletion during growth eventually causes growth
to halt if monomers are not replenished. Living systems can sustain crystal growth by
using chemical reactions to regulate active monomer concentrations, enabling robust
growth even as physical conditions vary. For example, the concentrations of active tubulin
monomers are tightly controlled by the cell during microtubule self-assembly via reactions
that regulate tubulin turnover and availability. In addition to enabling robust microtubule
growth, the regulation of active tubulin concentrations exhibits feedback to ensure that
growth continues even as the number of microtubule growth fronts (load) changes over
time. The ability to implement feedback regulation via chemical reactions in synthetic
crystallization processes could make it possible to achieve robust growth and sustain
crystallization during complex hierarchical assembly processes with time-varying loads.
Here we develop a chemical reaction network that regulates crystallization by
buffering monomer concentrations during crystal growth. Like a pH buffer that regulates
hydrogen ion concentration, monomer buffering is achieved with a set of reversible
reactions whose equilibrium dictates the setpoint monomer concentration. As the
monomer buffering reactions are in dynamic equilibrium, Le Chatleier’s principle provides
feedback that resists changes to the setpoint concentration during growth. To study
regulation of crystal growth via monomer buffering we use seeded DNA nanotubes as a
model system. To buffer DNA nanotube monomer concentrations during growth, we
adopt a DNA strand displacement reaction network that facilitates the reversible
exchange of active and inactive monomers. Through simulations and experiments we
demonstrate that regulating nanotube growth with monomer buffering reduces sensitivity
to monomer depletion effects by maintaining the monomer concentration within a seeded
growth regime during crystallization. Monomer buffering is able to enhance growth
capacity by an order of magnitude compared to unregulated growth and, through
feedback, adapt to changes in load over time. This work introduces a new paradigm for
regulating crystal growth through chemical feedback that controls the flow of chemical
potential during growth. Further, the simplicity of the buffering mechanism suggests it
should be generalizable to a range of chemical processes.
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Bronze, Iron, Plastic age, how will the next material revolution look Like?
Nikolaus Correll, University of Colorado at Boulder
Talk online: https://youtu.be/nrvkrOGcz5A
We are observing increasing miniaturization of computation, tighter integration of
functionality into volumes of decreasing size, and a trend across all material science
disciplines – from basic physics/chemistry to composite materials – to integrate
computational processes inside materials. While such materials are a consequence of the
“silicon age”, I argue that there is opportunity for a completely novel class of materials that
are, akin to natural systems and in contrast with engineered materials that are homogeneous
or composites, engineered from a small number of identical cells. Such cells could take the
role of sensors, actuators, computation, communication or structure and interact with each
other and the environment to create a new level of multi-functionality. This idea is not new
and has been explored in architecture (“programmable matter”, Goldstein, 2005), in art
(“mutant materials”, Antonelli, 1995), in computer science (“amorphous computing”,
Abelson, 1995), in design (“radical atoms”, Ishii, 2012), and robotics (“morphological
computing”, Pfeifer, 2006, “robotic materials”, Correll, 2017). Available as a powder, they
could be dissolved into liquids or rubbers, and repairing a structure would simply require to
replace those parts of a structure that are actually broken.
Computation will become an important part of future material systems. Computation will
allow materials to analyze, change, store and communicate state in ways that are not possible
using mechanical or chemical processes alone. What “computation” is, when a mechanical or
electrical process is “computation”, and what its possibilities are, is unclear to most material
scientists, while computer scientists are largely unaware of recent advances in so-called
active and smart materials. For example, a nervous system is a critical part of natural material
systems such as an octopus arm, a cuttlefish skin or even a bone, but it is hard to see – in the
absence of an interdisciplinary definition of the following terms – what is computed and
communicated. Yet, everything that can be computed can also be achieved by smart
arrangement of mechanical processes, an insight rooted in the concept of Turing universality
of mechanical computers. Here, a dialog and formal understanding of what is physically
possible, e.g. stimulus-responsive “smart materials” and DNA computers, and how an
abstract treatment of these concepts allows for mathematical reduction might enable the
creation of new materials with unprecedented functionality without requiring von Neumann
architectures.
This problem is currently being attacked from multiple frontiers. On one end, computer
scientists have embraced neural networks and material scientists actively researching novel
substrates such as memristors and other neuromorphic computing devices. On the other end,
computer scientists have understood to leverage the computational and kinematic abilities of
DNA, with biologists and chemists contributing novel tools to realize such computing and
robotic systems. Looking back at biological multi-cellular systems these two processes are at
different orders of magnitude: DNA doubles as memory, code and actuator for the cellular
“operating system”, with “neurons” a particular class of cell that is able to perform high-level
computation in concert with others.
There are two fundamental questions that might be of interest to the DNA self-assembly
community: First, how can we close the gap between the multiple orders of magnitude of
operating system-level DNA computing and meso-scale cells that can provide macroscale
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functionality like sensing, actuation, computation, communication and energy metabolism,
and second, “how can basic building blocks achieve complex functionality such as a cell, an
ant, or a person, out of exclusively physical interactions?” In addition, through the lens of
DNA self-assembly, this problem can be tackled at different levels of abstraction and has
received considerable interest from the computing community in the subfields of “swarm
intelligence” (Bonabeau, 2001) and “swarm robotics” (Brambilla, 2013). Which problems are
most relevant today is closely tied to what kind of sensors, actuators, and finally building
blocks can reasonably be manufactured now and in the future. Here, the playing field is still
wide open as we still have even not fully understood the relationship between local rules and
the resulting global behavior of most social insects, despite their numbers being comparably
low (when compared to the number of cells in a small mammal, for example), their
communication graph being sparse (when compared to the number of synapses connecting to
a single neuron in the brain) and them being observable with the eye. Making inroads toward
the so-called “global-to-local problem”, however, might not only allow us to design
intelligent objects from a large number of identical building blocks, but also help to lift our
understanding of the world around us to a new plateau.
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,3NjajCRNc R8 jCI3c j@j ,N $CN0 jR 8RaL cLII 8a<L3Njc R8 j@3 cjan,jna3c- 8a<L3Njc j@j ,RNjCN LRa3 @C<@
,RN,3NjajCRN jCI3c sCII @q3 jCI3c jj,@ LRa3 8a3\n3NjIw. N0 Lw c3aq3 c Nn,I3C j@j a30n,3 j@3 GCN3jC, $aaC3a
jR Nn,I3jCRN 8Ra j@3 ,Raa3cURN0CN< c@U3Y c cn,@. j@3 Nn,I3jCRN UaR,3cc R8 j@3 LnIjC8aCRnc cwcj3L NjnaIIw
U3a8RaLc  8RaL R8 Ujj3aN a3,R<NCjCRN RN j@3 OSeA0CL3NcCRNI q3,jRa R8 CNCjCI ,RN,3NjajCRNc. jaNcIjCN< j@3
CNUnj Ujj3aN CNjR 0C{3a3Nj Nn,I3jCRN aj3c 8Ra j@3 j@a33 URccC$I3 cjan,jna3cY
iR 3uUIRa3 j@3 Ujj3aN a3,R<NCjCRN ,U$CICjC3c R8 /M jCI3 Nn,I3jCRN. s3 ,RII3,j30 S4 kzkz <awc,I3
CL<3cY Tjj3aN a3,R<NCjCRN sc jaCN30 CN cCIC,R. sCj@Rnj ,@N<CN< jCI3 c3\n3N,3c. $w ,@RRcCN< j@3 LU 8aRL
IR,jCRNc RN j@3 kzkz CNUnj ,Nqc jR j@3 cwcj3Lȕc OSe jCI3cY mcCN<  cCLUI3 RUjCLCyjCRN I<RaCj@L. s3
jnN30 j@3 LUUCN< cR j@j 3,@ CL<3 ,Raa3cURN030 sCj@  ,RN,3NjajCRN q3,jRa s@3a3 @C<@ ,RN,3NjajCRN
jCI3c j3N030 jR $3 ,Incj3a30 CN j@3 cc3L$Iw ,Raa3cURN0CN< jR j@3 ~acj I3jj3a V?. . Ra KW R8 s@j j@3 CL<3
a3Ua3c3Nj30Y mcCN< \n3N,@CN< R8 nRa3c,3Nj jCI3 UaR$3c 0naCN< NaaRs j3LU3ajna3 aLUc CN  \nNjCjjCq3
T+` V\T+`W L,@CN3. N0 ,RnNjc R8 ~NI cc3L$IC3c qC jRLC, 8Ra,3 LC,aRc,RUw V7KW. s3 03j3aLCN30 j@j
j@3 cwcj3L ,Raa3,jIw a3,R<NCy30 II S4 jaCNCN< CL<3c. N0 II $nj RN3 R8 j@3 Sl 03<a030 jaCNCN< CL<3cY
Qna a3cnIjc 03LRNcjaj3 j@j. CN 00CjCRN jR j@3 sC03IwAcjn0C30 ,RLUnjjCRNI $CICjC3c R8 ,awcjI <aRsj@.
j@3 Nn,I3jCRN R8 ,awcjI cjan,jna3c ,N IcR U3a8RaL ,RLUnjjCRNY i@3 ,RLUnjjCRN. N0 03j3aLCNjCRN R8
s@j cjan,jna3c sCII Nn,I3j3. Cc ,aaC30 Rnj $w cCLUI3 CNj3a,jCRNc R8 LNw LRNRL3ac. N0 Cc @C<@Iw 03U3N03Nj
NRj RN j@3 ,RN,3NjajCRNc Ra UaRU3ajC3c R8 CN0CqC0nI LRNRL3ac. $nj RN j@3 Ujj3aNc R8 ,RN,3NjajCRN N0
CNj3a,jCRNc. j@nc IIRsCN< j@3 cwcj3L jR NjnaIIw U3a8RaL  8RaL R8 Ujj3aN a3,R<NCjCRNY i@3 ,RLUnjjCRNI
,U,Cjw R8 Nn,I3jCRN.  cjaRN< LR03I R8 j@3 UaR,3cc. N0 8naj@3a UUIC,jCRN R8 j@3 $CICjw Nn,I3jCRN UaR,3cc3c
jR cjR,@cjC,IIw 3uUIRa3 Ia<3 cjj3 cU,3c. a3LCN jR $3 3uUIRa30Y
VSW
VlW
VkW
V:W
V9W

rCN8a33. 2Y BN /M #c30 +RLUnj3ac. SOOf. UU SOOĢllSY
rCN8a33. 2Y 3j IY BN /M #c30 +RLUnj3ac l. SOOO. UU SOSĢlSkY
`Rj@3LnN0. TY rY 3j IY BN biQ+ kl. +K- lzzz. UU :9OĢ:f4Y
rCN8a33. 2Y 3j IY BN /M f. HM+b lz9:. lzzz. UU fkĢ44Y
`Rj@3LnN0. TY rY 3j IY THRb #CRIR<w lzz:. l. 3:l:Y

VfW
VeW
V4W
VOW
VSzW

#aCc@. `Y /Y 3j IY TMb lzzO. Szf. fz9:Ģfz9OY
rRR0c. /Y 3j IY Mjna3 lzSO. 9fe. kffY
Knan<N. Y 3j IY TMb lzS9. SSl. 9:Ģ9OY
x@RN<. rY 3j IY D bjj T@wc lzSe. Sfe. 4zfĢ4lfY
?RU~3I0. DY DY TMb SO4l. eO. l99:Ģl994Y

Horse

WhiteHorse-3

H
A
0.0h

100.0h

M degraded

Apples-3

0.0h

100.0h

MNIST
size=number
all

Fluorescence

AFM

7C<na3 l- S4 jaCNCN< N0 S4 j3cj CL<3c VW s3a3 jaNcIj30 ncCN< j@3 I3aN30 LUUCN< jR CNCjCI jCI3 ,RN,3NjajCRNc
V3uLUI3c CN $WY BN  S9z @a j3LU3ajna3 aLU 8aRL :4 jR :9°+ CN  \T+` L,@CN3. s3 R$c3aq30 j@3 Ujj3aN a3,R<NCjCRN
UaR,3cc qC nRa3c,3Nj I$3Ic RN 3,@ c@U3 V,W. j@3N ,RnNj30 cc3L$IC3c CN 7K CL<3c V0WY NIwcCc R8 \n3N,@CN<
jCL3c N0 ,RnNjc R8 ~NI cc3L$IC3c c@Rs30 j@j Rna cwcj3L a3,R<NCy30 II jaCNCN< CL<3c. N0 LRcj j3cj CL<3c V3WY

l

FNANO 2020 Proceedings

41

Special Track on
Encapsulated Systems
Track Chair
Jack Szostak
Massachusetts General Hospital
and Harvard University
Cambridge, Massachusetts

FNANO 2020 Proceedings

42

Nonenzymatic copying of RNA into phosphoramidate DNA inside model protocells
Jack W. Szostak
Howard Hughes Medical Institute and Department of Molecular Biology, Massachusetts General Hospital, Boston, MA
Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA

https://www.cs.duke.edu/FNANO/SzostakKeynote.mp4
Copying mixed-sequence oligonucleotide templates nonenzymatically is a long-standing
problem both with respect to the origin of life, and with regard to the synthesis of artificial living
systems. We have recently found that RNA templates can efficiently direct the synthesis of a
complementary strand composed of N3′oP5′ phosphoramidate DNA (3′-NP-DNA) using 3′amino-2′,3′-dideoxyribonucleotides activated with 2-aminoimidazole. Using only the four
canonical nucleobases (A, G, C, and T) of modern DNA, we demonstrate the chemical copying
of mixed-sequence RNA templates up to 25 nucleotides long, both in solution and within fatty
acid vesicles. In an exciting recent development, we have been able to demonstrate primer
extension with displacement of a pre-existing strand that is complementary to the template. This
strand displacement synthesis is catalyzed by short oligos that open up the sequential regions of
the template by cycles of toehold binding and branch migration. Our current efforts are aimed at
demonstrating repeated cycles of replication of oligonucleotides long enough to encode active
ribozymes inside model protocells. If that can be accomplished, it may become possible to
synthesize artificial, evolving cellular systems.
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DNA nanotechnology enabled membrane engineering
Chenxiang Lin
Department of Cell Biology & Nanobiology Institute, Yale University
E-mail: chenxiang.lin@yale.edu

Lipid-bilayer membranes form barriers to define the boundaries of a cell and its
subcellular compartments. They undergo modulated structural changes and mediate
biochemical reactions to sustain the cell’s life cycle. Inspired by such elegance in nature,
engineers and biologists have aspired to build artificial membranes to recapitulate the
cellular membrane structure and dynamics. Such in vitro preparations provide a
complexity-reduced system for the study of functional interactions between membranes
and their associating molecules. Here I present our technical innovations in
programmable, high-precision membrane engineering. Our general approach is to use
self-assembled DNA nanostructures as templates to guide the assembly of lipid bilayers
and transduce the programmable feature of the DNA nanostructures to the templated
vesicles.1 We show the assembly, arrangement, and remodeling of liposomes with
designer geometry, all of which are exquisitely controlled by a set of modular,
reconfigurable DNA nanocages, giving rise to membrane curvatures present in cells yet
previously difficult to construct in test tubes.2 Incorporating membrane-interacting proteins
into these DNA-templated liposomes allows us to systematically study protein-mediated
membrane dynamics, such as SNARE-mediated membrane fusion3 and extended
synaptotagmin-mediated lipid transfer4.
In addition to “growing” liposomes inside the DNA templates, we have developed
a DNA-brick assisted sorting method to generate liposomes with a wide range of uniform
sizes and chemical contents5. The sorting technique presents a scalable way to prepare
milligrams of monodispersed liposomes while preserving the membranes’ preexisting
features. In proof-of-concept experiments, we show the curvature-sensitive activities of
two membrane proteins (SNARE and ATG3) using sorted liposomes with a fine gradient
of sizes.
1. Yang et al. Self-assembly of size-controlled liposomes on DNA nanotemplates.
Nat Chem 8, 476–483 (2016)
2. Zhang et al. Placing and shaping liposomes with reconfigurable DNA nanocages.
Nat Chem 9, 653–659 (2017)
3. Xu et al. A Programmable DNA Origami Platform to Organize SNAREs for
Membrane Fusion. J Am Chem Soc 138, 4439–4447 (2016)
4. Bian et al. A programmable DNA-origami platform for studying lipid transfer
between bilayers. Nat Chem Biol 15, 830–837 (2019).
5. Yang et al. Sorting liposomes of distinct sizes by DNA-brick assisted centrifugation.
BioRxiv 2020.02.01.930321
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Initiating biological reactions via DNA-mediated vesicle fusion
Justin A. Peruzzi, Neha P. Kamat*
*nkamat@northwestern.edu
Bilayer vesicles have great potential to encapsulate and control biological reactions in
complex environments. As synthetic vesicles continue to be designed with increasingly
complex activities, such as housing protein expression systems, an important question
has arisen about how to control the progress of such reactions. Vesicle fusion driven
through membrane bound DNA tethers is a promising route to control fusion and content
mixing between specific vesicles. In this talk, I will demonstrate how DNA-mediated
vesicle fusion efficiency may be increased by introducing liquid-ordered and disordered
lipid phases into vesicle membranes. We further explored the extent to which hydrophobic
mismatch between lipid phases enhances vesicle fusion kinetics. Lastly, we showed that
vesicle fusion between DNA-tethered vesicles can be used to deliver and mix cargo
required for in vitro protein expression by synthesizing a model soluble and membrane
protein. This study illustrates how membrane biophysics can be used to enhance DNAmediated fusion events and advances our capabilities in controlling localized reactions,
an important step in developing more complex vesicle-based systems.

Complementary DNA tethers promote fusion of specific vesicles, allowing for the
initiation of cell-free expression reactions.
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Super-resolution Microscopy to Investigate Cellular Organization at
the Nanoscale
Joerg Bewersdorf1,2
1
Department of Cell Biology, Yale School of Medicine, New Haven, CT; 2Department of
Biomedical Engineering, Yale University, New Haven, CT
joerg.bewersdorf@yale.edu
Cell biological research relies heavily on the capabilities of light microscopes to resolve
structures or processes of interest at the nanoscale [1]. My research group is developing
super-resolution technology which achieve down to about 20 nm resolution in 3D and
applies them to cell biological questions. We are, in particular, focused on improving the
3D resolution, speed, live-cell compatibility, throughput and depth penetration of STED
and PALM/STORM microscopes [2, 3].
In my presentation, I will provide an overview of recent developments in my lab. I will
highlight our development of multicolor 4Pi-SMS imaging at 20 nm 3D resolution and livecell applications of STED microscopy to investigate the nanoscale organization of the
endoplasmic reticulum [4] and other cellular organelles.
I declare financial interests in Bruker Corp. and Hamamatsu Photonics.
[1] D. Baddeley, J. Bewersdorf “Biological Insight from Super-Resolution Microscopy:
What We Can Learn from Localization-Based Images”, Annu. Rev. Biochem 2018
http://www.annualreviews.org/doi/abs/10.1146/annurev-biochem-060815-014801
[2] Y. Zhang, L.K. Schroeder, M.D. Lessard, P. Kidd, J. Chung, Y. Song, L. Benedetti,
Y. Li, J. Ries, J.B. Grimm, L.D. Lavis, P. De Camilli, J.E. Rothman, D. Baddeley, J.
Bewersdorf “Nanoscale subcellular architecture revealed by multicolor 3D salvaged
fluorescence imaging”, Nature Methods 2020
https://www.nature.com/articles/s41592-019-0676-4
[3] N. Kilian, A. Goryaynov, M.D. Lessard, G. Hooker, D. Toomre, J.E. Rothman, J.
Bewersdorf “Assessing photodamage in live-cell STED microscopy”, Nature Methods
2018
https://www.nature.com/articles/s41592-018-0145-5
[4] L.K. Schroeder, A.E.S. Barentine, H. Merta, S. Schweighofer, Y. Zhang, D.
Baddeley, J. Bewersdorf*, S. Bahmanyar* “Dynamic nano-scale morphology of the ER
surveyed by STED microscopy”, J. Cell Biol 2019
http://jcb.rupress.org/content/218/1/83
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Chiral assembly of DNA-coated Au/Ag core-shell nanorods on DNA
origami with strong optical properties
L. Nguyen, M. Ober, M. Dass, L. V. Besteiro, Z. M. Wang, B. Nickel, A.O. Govorov, T.
Liedl, A. Heuer-Jungemann*
Faculty of Physics and Center for Nanoscience (CeNS), Ludwig-Maximilians-Universität,
Geschwister-Scholl-Platz 1, 80539 Munich, Germany.
E-mail: A.Heuerjungemann@physik.lmu.de
Video link: https://www.youtube.com/watch?v=mcysrkBD8Mo
DNA has proven to be an excellent choice of molecule for programmable self-assembly
and single-molecule sensing. DNA self-assembly has surpassed its early stages and
today is routinely used for constructing functional nanodevices and materials. By defining
active sites on the DNA origami structures, we have realised a variety of sensors, including
autonomous force spectrometers and highly sensitive plasmon-based detectors of virusderived RNA and proteins.
We here present a reliable method to synthesize highly stable silver nanoparticles
(AgNPs) and Au/Ag core/shell nanorods (NRs) that are conjugated in a one-pot reaction
with functional ligands such as thiolated DNA. Our particles are stable for months in
buffers containing sodium or magnesium ions, allowing for direct incorporation of the
particles in DNA self-assembly applications. Figure 1a shows a negative stain
transmission electron microscope (TEM) image of two Au/AgNRs that are mounted on
two sides of a 44 helix-bundle DNA origami structure. The dense layer of single-stranded
DNA (ssDNA) that is coating the NRs can be seen as a light “halo” around the NRs.

Figure 1 a TEM image and schematic illustration of of DNA-functionalized Au/AgNRs
conjugated with a 44-helix-bundle DNA origami. Scale bar = 50 nm. b Absorption spectra
of Au/AgNRs@DNA synthesized with different AgNO3 concentrations (1, 3, 5, 7.5, and 10
mM) resulting in distinct Ag-shell thicknesses.

FNANO 2020 Proceedings

48

Owing to their superior plasmonic properties, silver particles and rods perform a variety of
tasks substantially better than their golden counterparts. By arranging pairs of Au/AgNRs
with exceptionally high yields on DNA origami structures we implemented devices for
plasmonic chirality sensing and surface-enhanced Raman spectroscopy (SERS).
In our experiments, we also show that the localized surface plasmon resonance (LSPR)
of the Au/AgNRs can be tuned through the optical spectrum with LSPR peaks reaching
much lower wavelengths compared to that of AuNRs (Fig. 1b). Additionally the bimetallic
chiral assemblies shown in Fig. 1a display strongly increased CD responses in
comparison to their Au counterparts (g-factor as high as 7x10-2), which could hold great
promise for plasmonic sensing with increased sensitivity as urgently required for antibody
or pathogen RNA testing. In prospective work our presented method may be also
employed to create other particle geometries to further expand the variety of such ordered
plasmonic systems.
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DNA Organized Cyanine Dyes in the Strong Coupling Regime for Molecular Excitonics
Paul D. Cunningham*, Sebastián A. Diaz*, Young C. Kim*, Brian Rolczynski*,
Bernard Yurke**, Igor L. Medintz*, and Joseph S. Melinger*
* Naval Research Laboratory, Washington DC 20375
** Micron School of Materials Science & Engineering, Boise State University, Boise, Idaho
83725
joseph.melinger@nrl.navy.mil
For photonics applications that require ultrafast transport of photoexcitations it is important
to organize dye molecules with close intermolecular spacing and with control of orientation.
DNA has been investigated as a scaffold in part because established chemical attachment
methods allows for dyes to be positioned on DNA with sub-nanometer positioning and, in some
cases, with orientation [1-3]. This capability has been exploited for designing dye networks
that interact through dipolar coupling, and which show potential utility for applications such
as light harvesting [1,4] and information processing [5,6]. While most DNA-organized dye
networks have operated in the weak coupling limit, where the distance between dyes is large
compared to their size, recent work has begun to assess the ability of DNA to arrange dyes with
strong dipolar coupling [2,3,7]. Here, we explore the case where cyanine dyes are positioned
on DNA duplexes with relatively small (< 20Å) intermolecular separations. Using a variety of
steady state and time-resolved spectroscopy, as well as theoretical methods, we demonstrate
that the DNA duplex is a robust enough scaffold to allow the formation of delocalized
molecular excitons leading to a rich set of spectroscopic signatures. We demonstrate a
consequence of the strong dipole coupling through the observation of new excited state
absorption bands, which we tentatively assign to optically accessible two-exciton states. Such
states formed from strongly coupled dyes on DNA could ultimately play a role in excitonic
circuits for information processing [5].
In this summary we focus on Cy3 and Cy5 homodimers. A structural model for Cy3 dimers
attached to dsDNA is shown in Fig. 1a. The Cy3s are attached to opposite strands at the same
position along the duplex (referred to as a 0bp separation). To help localize dye position the
dyes are doubly attached to the DNA backbone by short 3-carbon linkers. A molecular
dynamics simulation was performed to obtain insight into how the dyes arrange on DNA when
in solution. Fig. 1b shows a representative snapshot from the simulation with the dyes having
inserted into the base stack region with an oblique orientation. Figs. 2a,b show absorption
spectra of the Cy3 and Cy5 homodimers. Both cases show evidence of strong dipolar coupling
as revealed by a splitting of the low energy absorption band into J-like and H-like components,
consistent with an oblique orientation. When cooled to near 100K these absorption bands
narrow by about a factor of two, suggesting the bands are not dominated by inhomogeneous
distributions of dye position and orientation. Figs. 3a,b show ultrafast transient absorption (TA)
spectra used to characterize the excited state dynamics of the cyanine dimers. The TA spectra
show ground state bleach (GSB) and stimulated emission (SE) bands that resemble the
absorption and emission spectra. Most notable is the appearance of new excited state absorption
(ESA) bands, which are located near 550nm and 640nm for Cy3 and Cy5 homodimers,
respectively. These bands result from the strong dipolar coupling and do not appear in our TA
spectra for weakly coupled dimers or monomers on DNA scaffolds. We discuss a theoretical
model that suggests the new ESA bands are transitions from one-exciton to two-exciton states.
[1] S. Buckhout-White et al., “Assembling programmable FRET-based photonic networks using designer DNA
scaffolds,” Nat. Commun. 5, 5615 (2014).
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[2] B.L. Cannon et al, “Large Davydov Splitting and Strong Fluorescence Suppression: An Investigation of
Exciton Delocalization in DNA-Templated Holliday Junction Dye Aggregates,” J. Phys. Chem. A, 122,
2086−2095 (2018).
[3] P.D. Cunningham et al., “Optical Properties of Vibronically Coupled Cy3 dimers on DNA scaffolds,” J. Phys.
Chem. B., 122, 2324 5020-5029 (2018).
[4] P. Dutta et al., “DNA-Directed Artificial Light-Harvesting Antenna.,” J. Am. Chem. Soc. 133, 11985−11993
(2011).
[5] B. Yurke and W. Kuang, “Passive linear nanoscale optical and molecular electronics device synthesis from
nanoparticles,” Phys. Rev. A, 81, 033814 (2010).
[6] N.P. Sawaya et al., “Excitonics: A Set of Gates for Molecular Exciton Processing and Signaling.” ACS Nano,
12, 6410-6420 (2018).
[7] L. Kringle et al., Temperature-dependent conformations of exciton-coupled Cy3 dimers in double- stranded
DNA. J. Chem. Phys. 148, 085101 (2018)

a)

b)

Fig. 1. (a) Structural model of a 18 bp DNA duplex with two Cy3 dyes (green) that are doubly attached to
opposite strands. (b) MD snapshot of the DNA duplex in (a). The MD simulation is performed using 350 mM
NaCl and shows the dyes inserting into the DNA base stack.

Fig. 2. (a) Normalized absorbance of the (a) 0bp Cy3 dimer and (b) 0bp Cy5 dimer at 295K (black) and
cooled to ~100K (blue). The 0-0, 0-1, and 0-2 vibronic bands are indicated, as are the H-like and J-like
contributions to the 0-0 splitting.

Fig. 3. Transient absorption spectra measured at 295K. The 0bp Cy3 dimer photoexcited at 550 nm (a)
and the 0bp Cy5 dimer photoexcited at 665 nm (b) show new excited state absorption bands (ESA) near
545 nm and 640 nm respectively. Ground state bleach (GSB) and stimulated emission (SE) bands are
indicated.
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Toward parameter-free, rapid prediction of DNA origami shape and
mechanical properties through multiscale analysis framework
Jae Young Lee1, Jae Gyung Lee1, and Do-Nyun Kim*1
1Department

of Mechanical Engineering, Seoul National University

1 Gwanak-ro, Gwanak-gu, Seoul, 08826, Korea
*Corresponding

E-mail address: dnkim@snu.ac.kr

In this presentation, we introduce a multiscale modeling approach to predicting the
shape and mechanical properties of DNA origami nanostructures1-7 from the constituent
base sequences and their connectivity information. Unknown geometric parameters and
stiffness values of various structural motifs including normal/nicked dinucleotide steps
and crosslinking Holliday junctions are characterized from the trajectories of molecular
dynamics simulation at the molecular resolution. They are then fed into corotational
beam elements to construct the finite element model of a DNA nanostructure and
predict quickly its overall shape and structural properties. In addition, the entropic effect
of single-stranded DNAs and the electrostatic repulsive forces between helices are
incorporated efficiently into the model. The capability and efficiency of the proposed
method are demonstrated by solving various DNA nanostructure designs reported
previously. Due to the multiscale nature of the proposed method, the predicted shape
and properties can be obtained at the molecular resolution in minutes. As it estimates
the model parameters from finer-scale simulations, we ultimately aim to circumvent any
arbitrary parameterization in the model specific to certain designs.

This work was supported by the National Research Foundation of Korea (NRF) grants
funded by the Korea government (Ministry of Science and ICT) (NRF2019R1A2C4069541 and NRF-2017M3D1A1039422).
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scadnano: A browser-based, easily scriptable tool for designing
DNA nanostructures
David Doty1
1

University of California, Davis, doty@ucdavis.edu

Video: https://web.cs.ucdavis.edu/~doty/papers/fnano-2020-talk.mp4
Slides: https://web.cs.ucdavis.edu/~doty/papers/fnano-2020-talk.pdf
Abstract
1

We introduce scadnano (short for “scriptable cadnano”), a computational tool for designing
synthetic DNA structures. Its design is based heavily on cadnano [1], the most widely-used
software for designing DNA origami [2], with two main diﬀerences:
1. scadnano runs entirely in the browser, with no software installation required.
2. scadnano designs, while they can be edited manually, can also be created and edited by a
well-documented Python scripting library,2,3 to help automate tedious tasks.
A secondary goal, closely aligned with the goal of the scripting library, is that the ﬁle
format should be easily human-readable, to help when debugging scripts or interfacing with
other software.

Support. The author thanks Benjamin Lee for contributing unit tests and setting up the hosting
for GitHub and readthedocs, and Tristan Sterin for contributing cadnano import/export features.
The author was supported by NSF awards 1619343, 1900931, and CAREER award 1844976.

1

Summary

The scadnano graphical interface largely mimics that of cadnano,4 with the main distinguishing
features at present being those cited in the abstract. Fig. 1 shows a screenshot. The graphical
interface is described in more detail at the GitHub repository.5
The architecture of scadnano uses software engineering principles that have gained prominence
only in the past decade, notably the unidirecitonal data ﬂow architecture for graphical user interfaces employed by React and Redux6 (also the web-speciﬁc programming language Elm7 ). These
frameworks greatly reduce the burden of maintaining large, complex, interactive software, which is
notoriously diﬃcult to reason about. It is hoped that going forward, this will help make maintenance, bug-ﬁxing, and feature enhancement a straightforward task.
1

http://scadnano.org
https://github.com/UC-Davis-molecular-computing/scadnano-python-package
3
https://scadnano-python-package.readthedocs.io
4
Though a few terms are diﬀerent, e.g., “skip” in cadnano is “insertion” in scadnano.
5
https://github.com/UC-Davis-molecular-computing/scadnano
6
https://reactjs.org/, https://redux.js.org/
7
https://elm-lang.org/
2
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Figure 1: Screenshot of scadnano.

Copy/paste. For example, one feature of scadnano lacking in cadnano, which was straightforward
to implement within this architecture, is the ability to move and copy/paste strands. We have found
this feature to ease the burden of creating large designs quickly, even without using the scripting
library. This is because many DNA origami designs are very repetitive, having more than 200
staples but fewer than 10 diﬀerent “shapes” of staples. Large designs can then be created rapidly
by recursive copy/pasting of staples. A tutorial at the GitHub repository shows how to rapidly
create a DNA origami rectangle.8
Checking strain due to backbone rotation. Another feature available in scadnano is the
ability to change the assumed rotation angle of the backbone, useful for avoiding undertwist or
overtwist of the DNA helix. cadnano assumes an immutable angle at oﬀset 0 on a helix, and the
angle elsewhere on the helix is calculated as 360d/10.5, where d ∈ N is the distance of the oﬀset
from the leftmost oﬀset of the helix. scadnano allows this angle to be updated. One can either set
it directly, or set it by the following operation: by clicking on a crossover, the angles of the two
helices are updated to point at each other. We have found this useful for checking that the helices
are not too “locally strained”, while keeping the tool from being opinionated about what sort of
rotations are allowed.

References
[1] Shawn M Douglas, Adam H Marblestone, Surat Teerapittayanon, Alejandro Vazquez, George M
Church, and William M Shih. Rapid prototyping of 3D DNA-origami shapes with caDNAno.
Nucleic acids research, 37(15):5001–5006, 2009. https://cadnano.org/.
[2] Paul W. K. Rothemund. Folding DNA to create nanoscale shapes and patterns. Nature,
440(7082):297–302, 2006.
8

https://github.com/UC-Davis-molecular-computing/scadnano/blob/master/tutorial/tutorial.md
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An Approach to Identifying Molecular Aliens & Making Life in the Laboratory
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Tailoring Supramolecular Polymers for High Capacity Electrodes in
Lithium-ion Batteries
Ali Coskun

Department of Chemistry, University of Fribourg, Fribourg, 1700,
Switzerland, E-mail: ali.coskun@unifr.ch



High capacity anode (Silicon, Si) and cathode (Sulfur) electrode materials[1] are
(Figure 1)receiving a significant amount attention from the battery community due
to their exceptionally large capacities that could accelerate the advent of future
lithium ion battery applications represented by advanced portable electronics and
hybrid electric vehicles. A consequence of
the large Li capacity, however, is that the Si
anode undergoes significant volume
expansion, indeed up to 300%, resulting in
severe mechanical and interfacial failures of
the electrodes. Hence, for Si anodes,
polymeric binders may not play simple
passive roles as in conventional battery
electrodes, but could rather contribute
significantly to decent cell performance. Our
systematic investigation of polymeric binders
incorporating Meldrum`s acid revealed[2] that
most critical binder property for silicon
anodes in lithium ion batteries is the selfhealing effect facilitated by series of Figure 1. Graphical representation
noncovalent
ion-dipole
interactions. of supramolecular approaches in
Accordingly, we transferred[3] millipedes’ high energy density Li-ion batteries
adhesion mechanism, that is enabled by a synergistic effect between many
contacting points based on continuous pairs of legs and several micron-sized
adhesive pads decorated with ionic moieties located on each leg, at macroscale
to polysaccharide binders at nanoscale in order to clearly demonstrate the effect
of ion-dipole interactions in polysaccharide binders for high capacity Si anodes in
lithium ion batteries. Recently, we have also reported that supramolecular
crosslinking of polymer binders via dynamic host-guest interactions between
hyperbranched β-cyclodextrin polymer[4] and a dendritic gallic acid crosslinker
incorporating six adamantane units enable[5] intimate silicon-binder interaction,
structural stability of electrode film, and controlled electrode-electrolyte interface,
yielding enhanced cycling performance for silicon anodes in lithium ion batteries.
More recently, we have also demonstrated that by incorporating small amount of
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polyrotaxanes into the conventional binders, it is possible to form binder networks
with unparalleled elasticity, which enabled stable cycle life for silicon microparticle
anodes at commercial-level areal capacities.[6]
References
[1] Talapaneni, S. N.; Hwang, T. H.; Je, S. H.; Buyukcakir, O.; Choi, J. W.; Coskun,
A. Angew. Chem. Int. Ed., 2016, 55, 3106–3111.
[2] Kwon, T.-W; Jeong, Y. K.; Lee, I.; Kim, T.-S; Choi, J. W.; Coskun, A., Adv.
Mater., 2014, 26, 7979–7985.
[3] Jeong, Y. K.; Kwon, T.-W; Lee, I.; Kim, T.-S; Coskun, A, Choi, J. W., Energ.
Environ. Sci, 2015, 8, 1224-1230.
[4] Jeong, Y. K.; Kwon, T.-W.; Lee, I.; Kim, T.-S.; Coskun, A.; Choi, J. W., Nano
Lett., 2014, 14, 864–870.
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Exploring New Building Blocks for Self-Assembled Architectures
Semin Lee*, Xin Zhou, Xuxian He, Richard R. Thompson (seminlee@lsu.edu)
Louisiana State University, Baton Rouge, LA 70803

We describe our exploration into using new molecular building blocks for various selfassembled architectures. Cyclic cis-diamides can form four hydrogen bonds and their 90°
bent shape allows easy access to macrocyclic structures. Nitrones are synthesized by
dynamic covalent chemistry between aldehydes and hydroxylamines. Here, we discuss
their C–H hydrogen bond donor moieties for self-assembled structures and anion binding
properties. Finally, we serendipitously discovered that metallatetrahedranes can be
dynamically formed between a Mo(VI)-alkylidyne and alkyne substrates during alkyne
metathesis. Strategies to utilize metallatetrahedranes to construct cage architectures will
be discussed.

Figure. Hydrogen bonded assemblies of cyclic cis-diamides and nitrones. Formation of a
metallatetrahedrane via alkyne metathesis catalysts.
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Elevated lysosomal cysteine protease activity in tumor-associated macrophages
restrains anti-tumor immunity.
Lev Becker, Yamuna Krishnan, Chang Cui, Kasturi Chakraborty, Xu Anna Tang, Kelly
Schoenfelt, Alexandria Hoffman, Blake Mcbeth, Catherine Reardon, Tomas Vaisar and
Andrea Ballabio
Ben May Department for Cancer Research, University of Chicago, USA
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A DNA-based voltmeter for organelles
Anand Saminathan1,2, John Devany3, Aneesh T. Veetil1,2, Kavya S. Pillai1, Bhavyashree
Suresh1,2, Michael Schwake4 and Yamuna Krishnan*1,2.
1

Department of Chemistry, The University of Chicago, IL, 60637, USA
Grossman Institute of Neuroscience, Quantitative Biology and Human Behavior, The
University of Chicago, Chicago, IL 60637, USA
3
Department of Physics, The University of Chicago, IL, 60637, USA
4
Department of Neurology, Northwestern University Feinberg School of Medicine, Chicago, IL
60611, USA
*Correspondence to: yamuna@uchicago.edu
2

Abstract:
Membrane potential is a key property of all biological membranes and underlies how
membranes respond to electrical impulses and transduce chemical signals. It is therefore a
fundamental signaling cue in all cells1. The role of membrane potential in most intracellular
organelles remains unexplored because of the lack of suitable tools. We describe a fluorescent
DNA-nanodevice that reports absolute membrane potential and can be targeted to specific
organelles in live cells2. It is equipped with a voltage sensitive fluorophore, a reference
fluorophore for ratiometric quantification, and acts as an endocytic tracer (Fig 1A). Further, one
can display molecular trafficking motifs on DNA nanodevices and localize the latter within subcellular organelles3–5 (Fig 1B). We could thereby measure the membrane potential of different
intracellular organelles in situ in live cells, which has not been possible previously (Fig 1C). By
quantitatively reporting electrical properties at the biotic-abiotic interface, Voltair can
potentially guide the rational design of biocompatible electronics6. Additionally, our
understanding of how membrane potential regulates organelle biology is poised to expand
through this new technology.
References:
1. Alberts, B. et al. Ion Channels and the Electrical Properties of Membranes. (2002).
2. Saminathan, A. et al. A DNA-based voltmeter for organelles: Supplementary information.
BioRxiv (2019). doi:10.1101/523019
3. Saha, S., Prakash, V., Halder, S., Chakraborty, K. & Krishnan, Y. A pH-independent DNA
nanodevice for quantifying chloride transport in organelles of living cells. Nat. Nanotechnol.
10, 645–651 (2015).
4. Modi, S., Halder, S., Nizak, C. & Krishnan, Y. Recombinant antibody mediated delivery of
organelle-specific DNA pH sensors along endocytic pathways. Nanoscale 6, 1144–1152
(2014).
5. Modi, S., Nizak, C., Surana, S., Halder, S. & Krishnan, Y. Two DNA nanomachines map pH
changes along intersecting endocytic pathways inside the same cell. Nat. Nanotechnol. 8,
459–467 (2013).
6. Acarón Ledesma, H. et al. An atlas of nano-enabled neural interfaces. Nat. Nanotechnol. 14,
645–657 (2019).
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Figure 1: (A) Schematic of the working principle of DNA voltmeter Voltair: Measuring probe (M,
Green) is a voltage sensitive dye (RVF) conjugated to a DNA duplex that is membrane-tethered
by attachment to a lipid anchor (POPE). Reference probe (R, red) is DNA duplex with a reference
dye (Atto647N, red sphere) that together with RVF reports membrane potential ratiometrically.
(B) Schematic of targeting strategy: VoltairIM undergoes scavenger receptor mediated
endocytosis by binding scavenger receptors. Endocytosed VoltairIM traffics in a time-dependent
manner from the plasma membrane to the early endosome, the late endosome and then the
lysosome. Modified Voltair probes, VoltairTGN and VoltairRE access the retrograde and recycling
pathways and measure the membrane potential of these respective organelles. (C) Tabular
column summarizing approximate ionic concentration and voltage difference in organelles along
the endosomal pathway. Cytosolic (Cyt), extracellular (Ec) and organellar concentrations of main
ions that maintain membrane potential.
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A DNA-based fluorescent probe maps NOS3 activity with sub-cellular
spatial resolution.
Maulik S. Jani 1,2, Junyi Zou1,2#, Aneesh T Veetil 1,2# and Yamuna Krishnan

1,2

*

1. Department of Chemistry, University of Chicago, Chicago, IL 60637 USA
2. Grossman Institute of Neuroscience, Quantitative Biology and Human Behavior,
University of Chicago, Chicago, IL 60637 USA
# These authors contributed equally to this work
*Correspondence to: yamuna@uchicago.edu
Abstract: Nitric oxide synthase 3 (NOS3) produces the gasotransmitter, nitric oxide (NO)
that drives critical cellular signaling pathways by S-nitrosylating target proteins.
Endogenous NOS3 resides at two distinct sub-cellular locations - the plasma membrane
and the trans Golgi network. However, NO generation arising from the activities of both
these pools of NOS3 and its relative contribution to physiology or disease is not yet
resolvable. We describe a fluorescent DNA based probe technology, NOckout, to
quantitatively map the activities of endogenous NOS3 at both sub-cellular locations in live
cells. We have found that though NOS3 at the Golgi is ten-fold less active than at the
plasma membrane, its activity is essential for the structural integrity of the Golgi. The
newfound ability to spatially map NOS3 activity provides a platform to discover selective
regulators of the distinct pools of NOS3.

Fig. 1. NOckout devices simultaneously map activities of NOS3 sub-populations in live cells.
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DNA mechanotechnology: super resolution traction force orientation
mapping with DNA hairpin tension probes
Aaron Blanchard1, Joshua M. Brockman1, Dale J. Combs2, Hanquan Su2, Roxanne
Glazier1, Rachel Bender2, Alexa Mattheyses3,*, & Khalid Salaita1,2,*
1

Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of Technology and
Emory University, Atlanta, Georgia 30322, USA
2
Department of Chemistry, Emory University, 1515 Dickey Drive, Atlanta, Georgia 30322, USA
3
Department of Cell, Developmental, and Integrative Biology, University of Alabama at
Birmingham, Birmingham, Alabama, 35294, USA
*
Address correspondence to: ksalaita@emory.edu & mattheyses@uab.edu
Presentation video link:
https://www.youtube.com/watch?v=K6ErwydbFNw&feature=youtu.be

DNA mechanotechnology1, which consists of DNA-based devices that are
engineered to sense, transmit, and generate mechanical forces, has recently emerged at
the intersection of DNA nanotechnology and single molecule biophysics. These DNAbased mechanical devices have fundamentally changed the manner in which biologists
study mechanical forces at the nanoscale and has opened new avenues for the design
of force-generating nanomaterials1.
The most common application of DNA mechanotechnology thus far has been the
use of DNA-based molecular tension probes for the measurement of piconewton (pN)scale forces at the cell-surface interface2 (Fig. 1a). Mechanical forces between ~1 and
~100 pN in magnitude regulate many cellular processes at the plasma membrane via
mechanosensitive receptor proteins such as integrins and the T-cell receptor3. Molecular
tension probes are central tools for the visualization and control of these molecular forces.
The most precise molecular tension probes are DNA hairpin-based tension probes. A
DNA hairpin tension probe is composed of a DNA hairpin that is flanked by a fluorophore-

Figure 1: a) Molecular tension probes are surface-anchored DNA hairpins flanked by a
fluorophore-quencher pair that unfold and dequench when pulled on with force exceeding a
sequence-specific threshold. b) The de-quenched fluorophore rigidly stacks perpendicular to the
opened tension probe. It’s polar (ߠ ) and azimuthal (߶ ) angles can be inferred by imaging
with polarized excitation light, rotating the polarization angle, and c) fitting the intensity to a cos 2
function. d) Applying this treatment to each pixel in a widefield image allows diffraction-limited
force orientation mapping. As an example, the orientation map of platelet integrin forces is shown
where the force orientation measured in each pixel is denoted by the dipole orientation and color.

FNANO 2020 Proceedings

73

quencher pair. These probes are anchored to
an underlying surface (e.g. a glass
microscopy slide) and present a receptorbinding ligand on the other end. Cells are
then cultured on top of the tension probefunctionalized surface and the cells’
receptors bind to the probes’ ligands. Each
tension probe has a force threshold that can Figure 2: a) Force orientation map, where
be tuned from ~2 pN to ~19 pN by changing ߶ is denoted by color (see color wheel),
the GC content and/or length of the hairpin. of a platelet imaged using a commerciallyWhile these probes are immensely useful for available structured illumination microscope.
b) Super resolution reconstruction of force
visualizing receptor forces, they typically only orientation.
report on force magnitude. However, the
orientation of force is a key factor in regulating receptor mechanics 4,5.
We recently presented molecular force microscopy 6, which uses polarized
fluorescence to report on the 3D orientation of receptor forces; by using linearly polarized
excitation light and imaging the sample multiple times while rotating the light’s polarization
state, we can measure the orientation of the opened tension probes’ fluorophores and,
therefore, the orientation of the receptors’ forces (Fig. 1b, c).
MFM enables mapping of pN-scale cellular traction force orientation with the
highest spatial and temporal resolution presented to date (Fig. 1d). However,
fluorescence microscopes are generally not equipped to perform the polarization
modulation necessary for MFM. Here, we present one solution to this challenge by
demonstrating that MFM can be implemented using conventional structured illumination
microscopy (SIM). SIM microscopes are relatively common and are maintained by core
facilities at many research institutions. We show that SIM-MFM leverages the inherent
polarization modulation associated with SIM imaging 7 to correctly measure force
orientation. Our results of cellular experiments show that SIM-MFM can reproduce our
previous observations while increasing the temporal resolution of image acquisition ~3.6fold (Fig. 2a). Because SIM was originally designed as a super resolution technique, we
also show that SIM-MFM can produce super resolution force orientation maps with ~2fold higher spatial resolution than conventional MFM (Fig. 2b).
1
2
3
4
5
6
7

Blanchard, A. T. & Salaita, K. Emerging uses of DNA mechanical devices. Science 365, 1080-1081,
doi:10.1126/science.aax3343 (2019).
Ma, V. P.-Y. & Salaita, K. DNA Nanotechnology as an Emerging Tool to Study Mechanotransduction in
Living Systems. Small 15, 1900961, doi:10.1002/smll.201900961 (2019).
Chen, Y., Ju, L., Rushdi, M., Ge, C. & Zhu, C. Receptor-mediated cell mechanosensing. Mol. Biol. Cell 28,
3134-3155, doi:10.1091/mbc.E17-04-0228 (2017).
Zhang, Y. et al. Platelet integrins exhibit anisotropic mechanosensing and harness piconewton forces to
mediate platelet aggregation. Proc. Natl. Acad. Sci. U. S. A., doi:10.1073/pnas.1710828115 (2017).
Kim, S. T. et al. The alphabeta T cell receptor is an anisotropic mechanosensor. J. Biol. Chem. 284, 31028 –
31037, doi: 10.1074/jbc.M109.052712 (2009).
Brockman, J. M. et al. Mapping the 3D orientation of piconewton integrin traction forces. Nat. Methods 15,
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Zhanghao, K. et al. Super-resolution imaging of fluorescent dipoles via polarized structured illumination
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From Molecular Machines to Stimuli-Responsive Materials
Prof. Nicolas Giuseppone
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Email: giuseppone@unistra.fr

At nanoscale, the peculiar functioning principles and the synthesis of individual
molecular actuators and machines has been the subject of intense investigations and
debates over the past 60 years. In this lecture, we will focus on the design of collective
motions that are achieved by integrating, in space and time, several or many of these
individual mechanical units together. In particular, we will provide an in-depth look at the
intermolecular couplings used to physically connect a number of artificial mechanically
active molecular units such as molecular switches and motors. We will highlight the
various functioning principles that can lead to their collective motion at various length
scales. We will also emphasize how their synchronized, or desynchronized, mechanical
behavior can lead to emerging functional properties and to their implementation into new
active devices and materials.

Artistic view of an integrated system made of nanomachines combining rotary motors (red and blue) and
clutches (green and purple) connected by transmission subunits (polymer chains represented as strings).
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Handhold-mediated strand displacement: a DNA-based mechanism to
generate out-of-equilibrium complexes through templated reactions
Javier Cabello-Garcia,1,2, Wooli Bae1,2, Guy-Bart V. Stan1,2 and Thomas E. Ouldridge1,2
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Imperial College Centre for Synthetic Biology, Imperial College London, London, U.K.
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Presentation video: https://youtu.be/k6oESdPtYfk
Toehold-mediated strand displacement (TMSD) is a spontaneous enzyme-free reaction
in which an input nucleic acid strand replaces an incumbent strand in a duplex with a
target strand1 (Fig.1A). This process is driven by an overhanging single-stranded domain,
known as toehold, located in the target. TMSD, despite its simplicity, can act as the basic
motif of arbitrarily complex biologically-inspired networks2,3. However, the underlying
biochemistry of the TMSD motif is always that an invading strand recognises part of a
target, and subsequently forms a stronger connection with the target. Natural systems,
however, also employ templated reaction mechanisms that can produce specific
products4,5. In a templated process, like RNA transcription or protein translation, two
molecules recognise a third (the template) and bind to it transiently. Whilst attached to
the template, the two molecules can bind to each other. In this way, recognition of the
template can drive the specific binding of two other molecules. If the product, as in
transcription and translation, eventually releases the template, the resultant products are
inherently far-from equilibrium – unlike the outputs of conventional TMSD.
Here we introduce handhold-mediated strand displacement (HMSD), an independent
method to modulate strand displacement reaction rates that naturally allows for nonequilibrium templating in DNA nanotechnology (Fig.1B). Handholds are toehold
analogues located in the incumbent strand and recognised by the input strand. We
measure and model the kinetics of 98 systems, demonstrating that handholds can
accelerate the formation of input/target duplexes by up to five orders of magnitude (Fig.
1C). Crucially, handholds of moderate length accelerate reactions whilst allowing for
eventual detachment of the produced input/target duplex. We are thus able to perform
further assays to demonstrate the formation of far-from-equilibrium complexes via HMSDbased templating.
1. Zhang, D. Y. & Winfree, E. Control of DNA Strand Displacement Kinetics Using
Toehold Exchange. J. Am. Chem. Soc. 131, 17303-17314 (2009).
2. Srinivas, N., Parkin, J., Seelig, G., Winfree, E. & Soloveichik, D. Enzyme-free nucleic
acid dynamical systems. Science 358 (2017).
3. Green, A. A. et al. Complex cellular logic computation using ribocomputing devices.
Nature 548, 117-121 (2017).
4. Rodnina, M.V., Gromadski, K.B., Kothe, U. & Wieden, H.J. Recognition and selection
of tRNA in translation. FEBS Lett. 579, 938-942 (2005).
5. Hirose, Y. & Manley, J.L. RNA polymerase II and the integration of nuclear events.
Genes Dev. 14, 1415-1429 (2000).
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Figure 1 | A) Toehold-mediated strand displacement. The presence of a toehold (t) in
the target strand (T) mediates the detachment of the incumbent (N) by the input strand
(I). B) Handhold-mediated strand displacement (HMSD). The incorporation of a
handhold (h) (an independent overhang in the incumbent strand) spatially constrains the
input strand to the vicinity of the target. The handhold binding is intended to enhance the
speed of binding to short proximal toeholds in the target, resulting in faster reaction rates.
For sufficiently short handholds, the product can then detach. C) Handholds can
substantially enhance invader/target binding rates for short toeholds. A fluorescent
reporter detects the progress of the HMSD reaction by binding after branch migration is
completed. Trajectories are fitted with a single set of reaction parameters. Conditions:
System involving a 7nt handhold and a 2nt toehold 15 nM reporter complex, 10 nM target
duplex, [7-4] nM input strand, 1M NaCl in 1x TAE at 25°C. Inset: The same reaction shown
on a scale illustrates the kinetics for 6nM of input that is complementary to the toehold
but not the handhold.
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A biochemical DNA nanoscope that identifies and localizes over a hundred
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Techniques that can both spatially map out molecular features and discriminate many targets would
be highly valued for their utility in studying fundamental nanoscale processes. In spite of decades of
development, no current technique can achieve both nanoscale resolution and discriminate hundreds
of targets. Here, we developed a DNA nanoscope that acquired a detailed class average image from
a homogenous collection of DNA origami by purely biochemical means. We successfully identified
and spatially localized over a hundred unique elements, some spaced just 6 nm apart, with an
average spatial localization accuracy (RMS deviation) of ~ 2 nm. The bottom-up, sequencing
enabled mechanism of the DNA nanoscope is fundamentally different from top-down imaging, and
hence offers unique advantages in precision, throughput and accessibility.

DNA nanoscope applied to various patterns A. DNA nanoscope workflow. B. Many different patterns reconstructed with high
accuracy. Each pattern is drawn to the same scale (scale bar = 5 nm). The numbers below the pattern are the RMS deviation
between the designed and reconstructed pattern. Points missing from the reconstruction are indicated with red solid circles as
opposed to gray solid circles. C. We encoded ‘color’ in auxiliary sequence tags that were then read out with the DNA nanoscope.
D. Color wheel pattern with 77 distinct colors. Each auxiliary tag is unique. D. Holiday tree with 21 distinct colors. Each separate
column of the pattern is a distinct auxiliary sequence, while points within the same column share the same sequence. All 13
points that make up the trunk share the same auxiliary sequence. E. An aggregate view of the accuracy of all the reconstructions
from B and D. Each dot corresponds to the offset error vector between the reconstructed and the designed point. Each offset
vector is translated to the center of the bulls-eye, whose each ring is 1 nm wide.
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Enzyme-Powered Transport and Diffusion Phenomena
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Online version of the talk available here.

Enzymes are versatile biomolecular machines. Their tasks in living organisms range
from peptide synthesis and energy conversion to intracellular transport. However,
enzymes can also change fluid properties in their vicinity, which affects diffusion and
transport on the micro- and nanoscale. Here we discuss how fluid interactions enable
different kinds of low Reynolds number enzyme-powered nanosystems.
Products from enzymatic reactions may for instance lower the viscosity of fluids, which
can facilitate transport. This mechanism is utilized by the bacterium H. pylori, which
excretes urease to induce a gel-sol transition in mucin gels and thereby enables its motion
through the gel. Such mechanism can be mimicked with enzyme-decorated
micropropellers and used for targeted transport in minimally invasive medical
applications.1
Direct fluid transport can also be realized with enzymatic micropumps. Here, the
density gradient created by the enzymatic reaction causes a convective flow. We
improved this method by introducing bacteriophages as beneficial nanotemplates for
enzymes, which yielded higher activities and flow speeds in the enzymatic micropumps.2
This principle can readily be implemented in lab-on-a-chip and other devices.3
Finally, it is interesting to ask if free diffusion of enzymes themselves can be changed
by their catalytic activity. Due to its implications for biological processes it is of
fundamental interest to ask if a self-diffusiophoretic mechanism also plays a role in
enzyme diffusion. In our search for the smallest enzyme-propelled freely diffusing
structure we focus on active enzyme diffusion with different high precision diffusion
measurement techniques and find that individual enzymes may not show any measurable
enhanced diffusion.4,5 We further discuss the implications of these findings for the
realization of self-propelled nanosystems consisting of enzyme-decorated biotemplates.
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Fig. 1. Various enzyme-powered nano- and microsystems. a) Enzymatically active biomimetic
micropropeller penetrates mucin gel.1 b) Enzymatic micropump based on
enzyme−phage−colloids.2 c) Diffusion of active enzymes and interaction with its substrate.4
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[3]
[4]
[5]
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J.-P. Günther, M. Bö rsch, P. Fischer: Acc. Chem. Res., 2018, 51, 1911−1920.
J.-P. Günther, G. Majer, P. Fischer: J. Chem. Phys., 2019, 150, 124201

FNANO 2020 Proceedings

81

FNANO 2020 PROCEEDINGS

POSTERS
Track on
DNA Nanostructures:
Semantomorphic Science
Track Chair
Nadrian Seeman
New York University
New York City. New York

FNANO 2020 Proceedings

82

Minimalist strategies for size defined 2D and 3D DNA nanostructures
Daniel Saliba, Tuan Trinh, Kai Lau, and Hanadi Sleiman
McGill University, 801 Sherbrooke Street West, Montreal, Quebec, Canada. H3A 0B8
Email: hanadi.sleiman@mcgill.ca

Standard solid phase synthesis of DNA limits the length of DNA strands to ~ 150 bases.
The Sleiman group has recently developed the process of sequential growth, which
allows the facile preparation of extended DNA strands with full control over length (e.g.,
2000 bases) and sequence1,2. Using this strategy, we generated different monodisperse
backbones with a range of sizes and with repetitive patterns of sequence. The repetitive
domains offer simplicity, as only e.g.,10 strands are needed to assemble a structure,
versus the hundreds of strands necessary for the assembly of DNA origami. These
backbones can be mass produced, in a cost-efficient manner, using bacteriophage to
generate single-stranded precursor DNA, containing the strand of interest incorporated
within self-excising DNA domains.
Circular ligation of these backbones gives circular templating strands, which allows the
assembly of DNA tiles into size-defined nano-ring structures. The resultant circumference
of these rings is much larger than those reported in literature, allowing necessary space
for organization of materials in applications such as size-controlled liposome assemblies
and gold nanoparticle scaffolding with interesting plasmonic properties.
Moreover, these backbones with repetitive domains are used in the asymmetric
elongation of the unique arms of a branched DNA-small molecule motif2. The extended
arms provide necessary space for organization of different materials with full control over
the number, separation, location and type of nanoparticles. Also, the core of these
branched units presents a dynamic behavior that can induce the specific folding of these
arms, via biotin-streptavidin interaction, into a potential 3D nanotube-like DNA
nanostructure.
1) Hamblin, G. D., Rahbani, J. F., Sleiman, H. F.; Nat. Commun. 2015, 6, 7065.
2) Trinh, T., Saliba, D., Liao, C., de Rochambeau, D., Prinzen, A. L., Li, J., Sleiman, H.
F.; Angew. Chem. 2018, 131, 3074.
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Building high-performance electronics from structural DNA
nanotechnology
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Abstract Text
Structural DNA nanotechnology encodes the spatial positioning information into
the linear sequences of composing single-stranded DNA. Arbitrary geometries,
such as tube, cuboid, and polyhedron, could thus be in silico designed and
scalable fabricated. The dimensions of self-assembled DNA structures have been
scaled up from nanometer to micrometer. Diverse functional nano-materials,
including gold nanoparticles, quantum dots, CNTs and oxides, have been
assembled onto self-assembled DNA template. However, building highperformance electronics from self-assembled DNA templates is still difficult, owing
to the presence of contaminations from bio-lattices and limited dimension
scalability.
In recent years, carbon nanotube (CNT) electronics have been widely explored for
their outstanding transport properties. Theoretical simulations suggest that
patterning CNTs into uniformly parallel arrays at 5 nm to 10 nm inter-CNT pitch will
exceed the performance of Si electronics. However, thin-film approaches fail to
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meet the requirements on both high density and uniform inter-CNT pitch (figure 1).
As a result, current CNT FETs exhibit the performance tradeoff between the high
on-state performance of fast on/off switching.
To address these obstacles from both structural DNA nanotechnology field and the
CNT electronics, we reported precise scaling of inter-CNT pitch using a
supramolecular assembly method called Spatially Hindered Integration of
Nanowire Electronics (SHINE) (figure 1). First, we used the self-assembled DNA
nano-trenches to confine CNT assembly. The assembled CNTs exhibited
consistent inter-CNT pitches down to 10.4 nm and uniform orientation, meeting the
patterning requirements of the projected sub-5 nm technology node for the first
time. Furthermore, using the spatial confinement from PMMA cavities, we
demonstrated centimeter-scale alignment for the CNT-decorated DNA templates.
Finally, to build up the high-performance transistors, clean CNTs surface was the
prerequisite. We explored a rinsing-after-fixing approach to gently remove
contaminations without degrading CNT alignment. Building on these foundations,
we demonstrated, for the first time, DNA-template transistors with performance
exceeding thin-film FETs.
At the interface of high-performance electronics and bio-molecular self-assembly,
precise bio-fabrication could provide ultra-scaled devices or circuits compatible
with or sensitive to local biological environments.

Figure 1. Spatial Hindered Integration of Nanowire Electronics. Left panel: CNT
arrays made from conventional thin-film approaches. Right panel: assembly CNTs
onto the DNA brick crystal.
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particles oriented in the wrong direction. We believe DNA origami goniometer will
facilitate cryo-EM studies of small DNA binding proteins by providing positional
information that would be essential in determining the correct structure. Currently we
are adding new functionality to our DNA goniometer to display other targets such as
RNA and proteins that do not bind to DNA.
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DNA Origami Goniometer for single particle cryo-EM
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In recent years, single-particle cryo-electron microscopy (cryo-EM) has emerged as a
powerful technique for high-resolution structure determination of biological molecules
that are challenging to study using other high-resolution techniques such as X-ray
crystallography or NMR. Recent technological advances in sample preparation, data
acquisition, and data processing have streamlined structure determination using cryoEM, and thus cryo-EM became an attractive method also for small proteins and
complexes that were previously considered to be only suited for X-ray crystallography or
NMR.
Although there have been many technological advances in single-particle cryo-EM,
there are some challenges that remain to be addressed pertaining to the positional
control of particles on the grid surface. Cryo-EM sample preparation involves the
deposition of particles randomly onto a cryo-EM grid and high-resolution structure
determination of the target molecule is achieved from the randomly oriented particles.
For some targets, the conventional approach yields a high-resolution structure.
However, for some targets, the high-resolution structure cannot be determined due to 1)
misalignment of particle images during 3D reconstruction or 2) particles adopting only
limited preferred orientations on the grid surface.
Here, we developed a DNA origami goniometer for single-particle cryo-EM studies of
DNA binding proteins. The goniometer serves as a fiducial marker to locate the target
protein and it has structural elements that are used to construct visual barcodes to
encode and distinguish goniometer variants for different orientations of the target
protein. We tested the utility of DNA goniometer with an 82 kDa, TALEN family protein.
We designed 14 different DNA goniometer structures corresponding to 14 different
orientations of BurrH by altering the barcode pieces. We developed a 2D classification
scheme to decode the DNA goniometer barcode and separate structures corresponding
to the different orientation of BurrH into different classes. When we use the orientational
information provided by the DNA goniometer, we reach a final resolution of 6.5Å with all
particles oriented in the correct direction. However, when we do not use the orientation
information, the 3D reconstruction of BurrH yields a wrong model with 20-50% of
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particles oriented in the wrong direction. We believe DNA origami goniometer will
facilitate cryo-EM studies of small DNA binding proteins by providing positional
information that would be essential in determining the correct structure. Currently we
are adding new functionality to our DNA goniometer to display other targets such as
RNA and proteins that do not bind to DNA.
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Detection of G-quadruplex structures using hybrid DNA-origami
silicon-nitride nanopore
Sohini Pal, Ramkumar B., Banani Chakraborty, Prabal Maiti, Akshay Naik, Manoj Varma*
*mvarma@iisc.ac.in
https://sohinipl.wixsite.com/fnano2020-sub18
INTRODUCTION
The nanopore measurement technique has gained prominence as a single molecule sensor, where the passage of a single molecule through a nanopore (5-10
nanometers diameter) fabricated on a thin (20-50 nm) dielectric membrane separating
two fluidic chambers results in a blockade of ion transport through the nanopore.
Parameters associated with such ionic current blockades such as its amplitude and
duration contain information about the molecule passing through the nanopore.
METHODS
In our experiments, we functionalized a silicon-nitride nanopore of diameter ~20nm
with thrombin binding aptamer (TBA15) with sequence1 5’-GGTTGGTGTGGTTGG-3’
using DNA origami. An increase in the normalized current power spectral density
confirmed the docking of the DNA origami on the nanopore 2. The TBA 15 aptamer binds
specifically with potassium ions and human alpha-thrombin by forming G-quadruplex
structures. We used thrombin molecules and different buffer solutions to detect these
dynamic G-quad formations.

Fig1. (a) SEM image of a 20nm silicon nitride nanopore. (b) AFM images of rectangular
origami structures. (c) Noise profile of before and after Origami docking on nanopore. (d)
Schematic of thrombin binding with TBA15.
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RESULTS & DISCUSSION
Interestingly, we observed that interaction of single thrombin molecules with
TBA15 resulted in ionic current blockades quite similar to the case when the buffer
solution contained potassium ions (Fig.2). In case of the thrombin experiments, the buffer
used contained 0.1M of NaCl so the current changes were caused solely by the binding
of thrombin with TBA15. In the absence of thrombin, no such current blockades were
observed. However, when the buffer was changed to 0.1M KCl, blockages started
appearing.
This work demonstrates the fact, that using the hybrid DNA-origami silicon nitride
nanopore structures we can detect the dynamic behavior of aptamer-protein interactions
and G-quad formations.

Fig2. Current traces for (a) Thrombin in NaCl buffer (b) KCl buffer with no thrombin (c)
NaCl buffer with no thrombin.
REFERENCES
(1)
(2)
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Evaluating Toxicology, Immunogenicity, Pharmacokinetics, and Bio-Distribution,
of DNA Origami Nanostructures In Vivo
Christopher R. Lucas1 , Patrick D. Halley2 , Amjad Chowdhury3 , Aparna Lakshmanan4 , Bonnie K.
Harrington5 , Ronni Wasmuth4 , Larry Beaver4 , Rosa Lapalombella4 , Amy J. Johnson4 , Erin K.
Hertlein4 , John C. Byrd6 and Carlos E. Castro1 , (1)Mechanical and Aerospace Engineering, The Ohio
State University, Columbus, OH, (2)Chemical Engineering, The Ohio State University, Columbus, OH,
(3)McKetta Department of Chemical Engineering, The University of Texas at Austin, Austin, TX, (4)The
Ohio State University, Columbus, OH, (5)Michigan State University, East Lansing, MI,
(6)Comprehensive Cancer Center, The Ohio State University, Columbus, OH; correspondence:
castro.39@osu.edu

Scaffolded DNA origami nanotechnology allows for the generation of nanoscale objects with predefined
shapes via molecular self-assembly as well as a robust platform for drug delivery applications. Previous
studies reported that DNA origami nanostructures could be functionalized with targeting moieties (1)
and effectively loaded with anthracyclines (e.g. doxorubicin and daunorubicin) (2-6) and thrombin (1).
Furthermore, drug-loaded DNA origami nanostructures were reported to induce an enhanced anticancer effect relative to free drug in solid tumors in vitro (2, 3) and in vivo (4, 5) and hematologic model
systems in vitro (6). In addition, recent findings showed that thrombinloaded nanostructures induce
tumor necrosis and inhibit tumor growth in vivo in a targeted manner (1). Despite this exciting promise,
the toxicology, immunogenicity, bio-distribution, and pharmacokinetics of a high dose of DNA origami
nanostructures in vivo remain ill defined. Here we evaluate two DNA origami nanostructures that vary
in shape, a flat single-layer triangle and rodshaped multi-layer nanostructure. A repeat dosing regimen
of unloaded triangle and rod-shaped structures at clinically relevant levels revealed that DNA origami
nanostructures were non-toxic in vivo as shown by weight, histopathology analysis of sections from
major organ systems, and a complete biochemical panel assessing liver function. A modest proinflammatory molecular and cellular immune response was evident among mice treated with both
triangle and rod-shaped DNA origami nanostructures that dampened by the conclusion of the dosing
regimen. Cellular internalization ex vivo experiments revealed myeloid cell populations preferentially
internalized DNA origami nanostructures. Distribution findings assessed by fluorescence-based live
animal in vivo imaging system (IVIS) showed DNA nanostructures distribute throughout the periphery
immediately after i.v. injection and within ~30 minutes after i.p. injection. Taken together, our in vivo
findings suggest that DNA origami nanostructures are non-toxic, generate a modest immune response,
distribute effectively into the periphery, and, therefore represent a promising novel platform for future
cancer drug delivery studies in vivo.
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Mechanical and Aerospace Engineering, The National Institutes of Health-National Cancer
InstituteP50-CA140158 and R35-CA197734, The D. Warren Brown Foundation, Four Winds
Foundation, and The Harry T. Mangurian Jr. Foundation. C.R.L is a recipient of a National Institutes of
Health T32 Award in Oncology Training Fellowship at The Ohio State University Comprehensive
Cancer Center, T32-CA009338.
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Nucleic acid therapeutics, such as small interfering RNA (siRNA) and antisense
oligonucleotides (AON), offer unique potential for gene therapy because of their
effectiveness and directed silencing of the targeted gene of interest. However, significant
challenges have impeded their translation into clinical applications, such as instability in
biologically relevant media, off-target effects, and poor cellular uptake.
An attractive solution is the use of drug delivery nanomaterials that protect and deliver
the oligonucleotide drugs to their desired target site, such as liposomes and polymeric
nanoparticles. However, the approval of these drug delivery materials has been slow due
to many hurdles blocking their translation from lab prototypes to actual clinical
applications. Most synthetic carriers are a mixture of polydisperse molecules that are not
precisely controlled in size, shape, and composition. This leads to heterogeneity in
properties, toxicity, and off target effects which are highly undesirable.
DNA nanotechnology offers a very promising alternative, which utilizes nucleic acids as
a material to build nanostructures that act as targeted drug carriers. This is due to the
ease of manipulating DNA’s structural parameters (size, shape, rigidity, functionalization)
as well as chemical composition. These structures are monodisperse, bio-degradable,
non-toxic, and can themselves be therapeutic.
An especially powerful DNA functionalization is the attachment of hydrophobic polymers,
which has led to the emergence of a new class of amphiphilic DNA block copolymers. We
have developed a highly efficient solid-phase method to generate monodisperse and
sequence-defined DNA-polymer conjugates.1 Based on this method, we have designed
a range of molecules and vehicles with various functionalities and applications in drug
delivery, with total control over their properties.2,3,4,5
In this work, we will be highlighting the importance of this sequence-controlled DNApolymer conjugate method, which has allowed us to fabricate multiple systems for
therapeutic applications. Specifically, we will be focusing on two systems developed from
this method and their drug delivery applications: spherical nucleic acids (SNA) and
albumin-binding Dendritic-DNA (DDNA) molecules. Studies such as characterization,
stability, cell work, including gene silencing and conditional drug release, as well as in
vivo investigations will be discussed.
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Figure 1 Representative scheme of the 3 particles developed and used for drug delivery
(left to right): Responsive Spherical Nucleic Acid, FANA-modified Spherical Nucleic
Acid, and Dendritic DNA-albumin complex.
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The DNA origami technique provides an unprecedented method to create multiple copies
of well-defined self-assembled nanostructures.1 Methods of modern chemistry allow to
functionalize DNA with molecules and functional groups of interest. Exploiting these
features we designed a pillar-shaped 3D DNA origami nanostructure functionalized with
biotins for the surface immobilization and docking strands allowing to precisely position
plasmonic nanoparticles. Upon illumination with freely propagating light, the local electric
field between nanoparticles increases and a dye placed in the plasmonic hotspot exhibits
a fluorescence gain of several orders of magnitude.2 In our present work, we modified a
hotspot region with molecular recognition units (molecular beacon3 or sandwich assay) to
detect an enhanced signal only in the presence of a specific nucleic acid target (Figure
1).

Figure 1. Schematic representation of the DNA origami plasmonic nanoantenna for single DNA
detection. a) Pillar-shaped DNA origami structure immobilized on a glass surface via biotin-
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streptavidin interaction. Protruding docking strands allow precise positioning of plasmonic
nanoparticles. The inset demonstrates the comparison of fluorescent traces of the dye located in
a plasmonic hotspot and the same dye in usual conditions. b) Fluorescence-quenched hairpin
(molecular beacon) incorporated into a plasmonic hotspot as a molecular recognition unit. Upon
the detection of the target DNA in the hotspot, fluorophore-quencher pair spatially separates that
leads to appearing of the fluorescent signal enhanced several orders of magnitude. c) Sandwich
assay incorporated into the hotspot region allows sensing of the enhanced fluorescent signal after
the subsequent binding of the target DNA and imager DNA to a capturing strand.

We discuss the requirements and limitations4 of the recognition units’ design, and present
results demonstrating efficiency, specificity, selectivity, and stability of the self-assembled
plasmonic DNA origami nanoantennas in diagnostics applications with outstanding
signal-to-noise ratio signal.
Several orders of magnitude enhancement of the fluorescent signal after detecting the
target DNA allowed integration of the designed sensing assays into low-tech devices. We
demonstrate a strategy to use spotted DNA nanoantennas to detect single DNA molecule
with non-immersion optics using LED excitation as well as the sensing of a single DNA
using a smartphone camera as a detector 4. Obtained results give a high promise of using
self-assembled plasmonic DNA origami nanoantennas for the development of
inexpensive point-of-care diagnostic platforms.

Figure 2. Schematic representation of the low-tech devices for single DNA detection using DNA
origami plasmonic nanoantennas. a) Microfluidic chip with spotted nanoantennas illuminated with
LED and imaged with non-immersion optics; b) Battery driven smartphone-based hand-hold
device allowing imaging nanoantenna at a single-molecule level.
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Physiological pH conditions are maintained through tight homeostatic control
within cells and tissues, and local variations in pH play a critical role in many important
biological processes. Accordingly, there is considerable interest in engineering molecular
systems to achieve programmable pH-selective behavior. When integrated with highly
specific molecular recognition elements such as DNA aptamers, these mechanisms could
enable precise control of nanodevices for applications including drug delivery, imaging,
and clinical diagnostics. However, existing approaches for achieving pH-dependent
molecular recognition rely on tight coupling between pH- and ligand-responsive DNA
motifs, imposing stringent design constraints. Thus, aptamer switches cannot readily be
modified to work outside their intrinsic pH-response range or tuned in terms of the
sensitivity of their response, greatly limiting their utility in real-world applications.
In this work, we demonstrate a general approach for rationally designing aptamer
switches that can be tuned to respond to a wide variety of pH conditions—including highly
selective target binding within a narrow pH window. We build upon the intramolecular
strand displacement (ISD) aptamer design, in which an aptamer is linked to a
complementary displacement strand (DS) through an inert DNA linker. By inserting pHresponsive motifs into the linker or DS, we induce pH dependence through changes in
intramolecular binding inhibition without directly affecting aptamer function (Fig 1).

Figure 1 | Mechanism of tunable pH-responsive aptamer switches. (a) Fluorescent signaling occurs through
competition between target binding and DS hybridization within the ISD construct. ISD constructs can be
modified to include pH-responsive motifs in the linker or DS. (b) Selective binding at low pH is achieved
through pH-dependent folding of an intramolecular triplex linker, which confines the DS close to the aptamer
at neutral pH and far from the aptamer at low pH. (c) Selective binding at neutral pH is achieved through
the inclusion of a pH-dependent mismatch within the DS that strengthens binding competition at low pH.

As a proof of concept, we designed a range of strongly pH-responsive aptamer
switches based on an established ATP aptamer. We engineered selective binding at
acidic pH through insertion of an intramolecular triplex DNA motif in the linker. The
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resulting construct showed over 1,000-fold higher binding affinity at pH 5 (ܭ = 2.6 uM)
as compared to pH 8.5 (ܭ = 3.3 mM). Moreover, our design accommodates a range of
triplex sequences, enabling tuning of the pH dependence range by ~1 pH unit and tuning
of the pH-response strength by ~25-fold (Fig 2a/b). To instead achieve selective binding
at neutral pH, we introduced a pH-responsive mismatch within the DS, achieving ~20-fold
stronger binding at pH 8.5 (ܭ = 310 uM) compared to pH 5 (ܭ = 5.6 mM). This strategy
can leverage both A-C and A-G mismatches, thus it can be extended to almost any
aptamer sequence (Fig 2c/d).
Finally, because these two tuning strategies are non-interfering, we show that they
can be applied in tandem to achieve even greater control over the range of pH response.
We design a construct combining both linker and DS modifications that achieves nearnative aptamer binding affinity over only a narrow “pH window” near the physiological pH
range of 6–7 (Kd = 32–42 μM) with reduced affinity both at higher pH (Kd = 410 μM) or
lower pH (Kd = 110 μM) (Figure 2e).

Figure 2 | (a) A triplex-based linker design leads to large shifts of the binding curve towards low ܭ as
solution pH is decreased, indicating high binding affinity only at low pH. (b) Varying the triplex sequence
content (% of TAT triplets vs. CGC triplets) enables tuning of this pH dependence. (c) Inserting a single
pH-responsive mismatch into the DS achieves high binding affinity specific to neutral pH. (d) These effects
can be achieved using A-C or A-G mismatches. (e) Both mechanisms can be combined in one construct to
produce complex effects, such as a preferential binding within only a narrow “pH window.”
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Genomic single-nucleotide variants (SNVs) can result in significant functional
consequences to an organism and can give rise to diseases such as cancer. As a result,
the ability to detect rare DNA mutations in biofluids is a crucial diagnostic tool for the early
detection of disease. We outline a strategy for detecting SNVs in DNA sequences against
a large background of similar sequences using the principles of kinetic proofreading. The
T790M mutation of the epidermal growth factor (EGFR) is used as a model SNV target
sequence.
Kinetic proofreading is a natural mechanism by which an incorrect substrate is selectively
removed from a chemical reaction pathway through one or more irreversible “exit”
reactions, thereby achieving a multiplicative increase in molecular specificity with each
additional proofreading (selective exit) step [1]. We propose an autonomous kinetic
proofreading system that uses repeated DNA strand displacement (DSD) to enable the
detection of SNVs in DNA sequence with extremely high specificity.
DNA nanotechnology provides a programmable method for extending kinetic
proofreading into artificial systems. Specifically, we will be utilizing toehold-mediated DNA
strand displacement (DSD), a flexible approach for designing cell-free molecular circuits
for computational problems [3]. In toehold mediated DSD, an invading strand of DNA
displaces the incumbent strand of a partially double-stranded complex via two steps: (1)
binding to an adjacent short, single-stranded “toehold” region, which significantly
accelerates displacement, and (2) branch migration, or the replacement of
complementary base pairs within the existing duplex [3].
Kinetic proofreading with DSD works via competitive hybridization of DNA probes to SNVcontaining target sequences followed by selective liberation of the target sequence
toehold for additional rounds of competitive DSD [2]. This process can be performed
iteratively, where the target is captured by mutant-selective probes during each round
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and wildtype sequences are ejected from the reaction pathway via irreversible
hybridization with wildtype-selective probes [1]. The target is freed after each round
through re-exposure of the toehold.
While the discrimination of each round of proofreading is finite, it can be repeated multiple
times on the same pool of molecules, reducing the rate of false positives each time, and
permitting theoretically unlimited selectivity as the number of rounds increases [1]. This
contrasts to the strictly finite selectivity of conventional hybridization assays, such as
quantitative polymerase chain reaction (qPCR). However, it should be noted that as the
number of proofreading rounds and ratio of true positives to false positives increases,
leak reactions become more probable and may ultimately impose an upper limit on the
maximum selectivity achievable, as wildtype sequences begin to enter and exit the
biochemical pathway at the same rate.
Early investigations suggest that using mutant-selective DNA:RNA chimeric duplex
probes and RNase H enzyme is a reliable method for freeing the target toehold between
rounds of proofreading. Additionally, using ultraviolet (UV) light and mutant-selective DNA
probes with photocleavable spacers separating the toehold domain from the rest of the
probe is another promising approach to enable multiple proofreading iterations. Future
work will explore DSD with four-way branch migration for more efficient hybridization
reactions. While four-way branch migration is slower than three-way branch migration, it
offers the advantage of avoiding secondary structures that may obscure toeholds or result
in premature degradation of RNA nucleotides.
Fluorescence intensitybackground (a.u.)
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This work will represent a fundamentally new capability for molecular recognition, which
we predict will bypass the thermodynamic limits of molecular discrimination of DNA
hybridization at equilibrium and may achieve virtually unlimited selectivity [1]. In the wider
scope, this project is an application of molecular programming to the problem of
molecular-scale recognition, a crucial step for integrating computation in molecular
devices and systems.
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Preparation of DNA Quadruplex Meso/Nanogels for DDS Application
Akinori Kuzuya
Department of Chemistry and Materials Engineering, Kansai University, 3-3-35 Yamate,
Suita, Osaka 564-8680, Japan, kuzuya@kansai-u.ac.jp.
We have recently and successfully developed DNA quadruplex hydrogels, which instantly gelates
in response to K+ or Na+ addition, by directly coupling several deoxyguanosine residues to the both ends of
polyethylene glycols utilizing High-Efficiency Liquid-Phase (HELP) large-scale DNA synthesis technique
[1, 2]. DNA quadruplex hydrogel has various advantages such as biodegradability, intelligence and selfhealing capacity. Studies on application as a cell culture substrate and a drug release device have already
been started [3]. In this study, we examined a utility of this hydrogel as a Drug Delivery System (DDS)
carrier.
We found that nanoparticles of 100–200 nm diameter can be efficiently prepared by forming gels in
sufficiently diluted solution of dG4-PEG-dG4 macromonomer. The mesogels were fully characterized by
dynamic light scattering (DLS), atomic force microscopy (AFM) and transmission electron microscope
(TEM). High-speed video-rate AFM measurements enabled direct and real-time observation of selective
dissolution of DNA Quadruplex mesogels triggered by the addition of a crown ether into the system. Drug
loading of G-quaduplex-binding anticancer drug and its delivery into cells were also accomplished. Finally,
the macromonomer solution was injected via tail vein into mice and in vivo experiments were performed.
Three hours later, DNA mesogels were found to accumulate in liver.

Figure 1. Schematic illustration of the system..

REFERENCES
[1] S. Tanaka, K. Wakabayashi, K. Fukushima, S. Yukami, R. Maezawa, Y. Takeda, K. Tatsumi, Y. Ohya,
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[3] S. Tanaka, S. Yukami, Y. Hachiro, Y. Ohya, A. Kuzuya, Polymers 2019, 11, 1607.
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While
the discrimination of each round of proofreading
is finite, it can be repeated multiple 
+%*)
times
on the same pool of molecules, reducing the rate of false positives each time, and

permitting
theoretically unlimited selectivity as the number of rounds increases [1]. This
contrasts
to the strictly finite selectivity of conventional
hybridization assays, such as


quantitative polymerase chain reaction (qPCR). However, it should be noted that as the
number of proofreading rounds and ratio of true positives to false positives increases,
leak reactions become more probable and may ultimately impose an upper limit on the
maximum selectivity achievable, as wildtype sequences begin to enter and exit the
biochemical pathway at the same rate.

Early investigations suggest that using mutant-selective DNA:RNA chimeric duplex
probes and RNase H enzyme is a reliable method for freeing the target toehold between

rounds of proofreading. Additionally, using ultraviolet (UV) light and mutant-selective DNA
probes with photocleavable spacers separating the toehold domain from the rest of the


probe is another promising approach
to enable
multiple proofreading iterations. Future
 will explore DSD with four-way branch migration for more efficient hybridization
work

reactions.
While four-way branch migration is slower than three-way branch migration, it
offers the advantage of avoiding secondary structures that may obscure toeholds or result
in premature degradation of RNA nucleotides.
This work will represent a fundamentally new capability for molecular recognition, which
we predict will bypass the thermodynamic limits of molecular discrimination of DNA
hybridization at equilibrium and may achieve virtually unlimited selectivity [1]. In the wider
scope, this project is an application of molecular programming to the problem of
molecular-scale recognition, a crucial step for integrating computation in molecular
devices and systems.
[1] Hopfield (1974) DOI: 10.1073/pnas.71.10.4135 [2] Zhang et al. (2012) DOI:
10.1038/NCHEM.1246 [3] Zhang et al. (2011) DOI: 10.1038/NCHEM.957
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Toward ultra-sensitive digital diagnostics
for protein biomarkers:
Sensing and anti-fouling surface treatments
Devika Kishnana,b , Swarup Deya,c , Rishabh M. Shettyd,e , Tal Sneha,f , Ashwin Gopinathd,e , and
Rizal F. Hariadia,f
a

Biodesign Center for Molecular Design and Biomimetics (at the Biodesign Institute) at Arizona State University, Tempe,
AZ 85287, USA.; b School of Biological Health Systems Engineering, Arizona State University, Tempe, AZ 85287, USA.;
c
School of Molecular Science, Arizona State University, Tempe, AZ 85287, USA.; d Department of Mechanical
Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA.; e Bioengineering, California Institute
of Technology, CA 91125, USA.; f Department of Physics, Arizona State University, Tempe, AZ 85287, USA.

Link for viewing the poster: Dropbox folder
he detection and quantiﬁcation of low concentrations of disease biomarkers, such as protein

T biomarkers from biological ﬂuids is crucial for medical diagnostics as well as basic research.
Array-based single-molecule high-throughput biomolecule analysis methods, in particular, combine
the merits of digitized quantiﬁcation with ultra-high sensitivity as compared to previous bulk analysis methods. However, integration of a protein sensing module to single-molecule, high-throughput
biomolecule analysis array is non-trivial. Moreover, analysis of proteins through this approach
presents signiﬁcant challenges attributable to non-speciﬁc surface adsorption and their structural
heterogeneity. Thus, the development of a low-cost, single-molecule protein sensing array with ultrahigh sensitivity is crucial for early-stage disease diagnosis and prognosis. In this work, we introduce
a modular platform that addresses the critical bottleneck in cheap, high throughput, highly sensitive, single-molecule detection of protein biomarkers. The platform harnesses a nanoarray of the
bistable DNA origami nanodevices whose state change is dependent on individual capture of analyte
molecules (nucleic acid, peptides or proteins) rigidly bound to the structure. Next, we integrate
the DNA origami nanodevices with our patent-pending low-cost DNA origami nanoarray platform
for high-throughput analysis of protein binding using optical microscopy. Total internal reﬂection
ﬂuorescence (TIRF) microscopy images and agarose gel-electrophoresis demonstrates the synthesis
of ﬂuorophore-labeled DNA origami nanodevices. We also demonstrate our ability to diﬀerentiate
its bound and unbound states through the use of photo-cleavabale linkers on the nanodevices as a
proof of concept. We have also successfully shown the presence of the bistable DNA nanodevices
on a periodic grid, fabricated using microsphere lithography. Lastly, we present an improved antifouling method for preventing non-speciﬁc binding of both analyte molecules and bistable DNA
sensors to the glass microscope coverslip. One of the challenging aspects has been the integration
of the sensor conﬁguration onto the nanoarray platform while retaining minimal non-speciﬁc interaction of biomolecules with the surface of the platform. Current eﬀorts are focused on screening
the optimal approach for eﬀective anti-fouling of the platform to perform sensitive quantiﬁcation of
the target bio-molecules.
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Evolution and structure of cubane-modified aptamers as new tools for
DNA nanotechnology

Yee-Wai Cheung1, Pascal Röthlisberger2, Marcel Hollenstein2,* and Julian A. Tanner1,*
1School

of Biomedical Sciences, The University of Hong Kong, Hong Kong, China.
2Institut

Pasteur, Paris, France.

*marcel.hollenstein@pasteur.fr, jatanner@hku.hk

Nucleic acid aptamers are ideal tools for molecular recognition for various DNA
nanotechnology applications. However, nucleotide chemical diversity can be limiting
when one compares to amino acid counterparts. Nucleotide chemical diversity has been
extended in a number of ways including the introduction of chemistries similar to amino
acids into nucleotide bases. Amino acid-like chemistries at the 5-position of pyrimidines
are known to be tolerated by polymerases, thus allowing Darwinian molecular evolution
through SELEX (selective evolution of ligands by exponential enrichment). Here, we
investigate how far this idea can be stretched into evolutionary selections of synthetic
chemistries well beyond the typical confines of biology.
Our aptamer target was Plasmodium vivax lactate dehydrogenase (PvLDH), an important
malaria diagnostic biomarker for which specific, conventional DNA aptamers had eluded
us. We performed an aptamer selection using dU carrying the extraordinary platonic solid
cubane as an unusual non-biological benzene isostere which is hydrophobic, surprisingly
water soluble, yet biocompatible. Tight-binding, specific cubane-modified aptamers
(cubamers) were selected and were specific for PvLDH over the closely related
Plasmodium falciparum lactate dehydrogenase (PfLDH). An X-ray crystal structure of the
cubamer in complex with PvLDH showed cubanes clustering with hydrophobic amino
acids in a variable alpha helix as key to recognition and specificity. Non-classical
hydrogen bonds from the cubyl hydrogens were also observed, demonstrating how such
aptamer selections with non-natural chemistries can lead to non-biological
macromolecular binding interfaces that otherwise could not be imagined. The cubamer
was incorporated into assays which could distinguish PvLDH and PfLDH at clinically
relevant concentrations in serum, with potential application for malaria diagnosis.
Such approaches to apply evolutionary macromolecular selections integrating divergent
synthetic chemistries may significantly extend the horizons of applications of aptamers in
DNA nanotechnology.
Poster available at http://www.sbms.hku.hk/f/upload/1043/FNANO2020-E-poster.pdf
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DNA origami post-processing by CRISPR-Cas12a
Qiancheng Xiong†, Chun Xie†, Zhao Zhang, Longfei Liu, John T Powell, Qi Shen,
Chenxiang Lin
Department of Cell Biology & Nanobiology Institute, Yale University, 850 West Campus
Drive, West Haven, Connecticut 06516 (USA)
Correspondence to chenxiang.lin@yale.edu
[†] These authors contribute equally

Customizable nanostructures built through the DNA-origami technique hold tremendous
promise in nanomaterial fabrication and biotechnology. Despite the cutting-edge tools for
DNA-origami design and preparation, it remains challenging to separate structural
components of an architecture built from — thus held together by — a continuous scaffold
strand, which in turn limits the modularity and function of the DNA-origami devices. To
address this challenge, here we present an enzymatic method to clean up and reconfigure
DNA-origami structures. We target single-stranded (ss) regions of DNA-origami
structures and remove them with CRISPR-Cas12a, a hyper-active ssDNA endonuclease
without sequence specificity. We demonstrate the utility of this facile, selective postprocessing method on DNA structures with various geometrical and mechanical
properties, realizing intricate structures and structural transformations that were
previously difficult to engineer. Given the biocompatibility of Cas12a-like enzymes, this
versatile tool may be programmed in the future to operate functional nanodevices in cells.

Figure: The generation of “pristine” or dynamic structures by CRISPR-Cas12a.
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Data analysis and measurement sensitivity for DNA thermodynamics
Jacob M. Majikes, Paul N. Patrone, Michael Zwolak, Anthony J. Kearsley, J. Alexander Liddle
National Institute of Standards and Technology
jacob.majikes@nist.gov

Traditional calorimetry can be difficult to apply to nucleic acid nanofabrication systems.
Often, these systems contain more components than can be resolved independently and
have enough mass to make preparation of high molarity samples difficult. Given this, it is
common to use ensemble techniques, or to image numerous samples, and use the
relative population of states to extract thermodynamics via van’t Hoff analysis.
While van’t Hoff analysis is sufficiently common to appear in most undergraduate
curricula, it is notoriously fickle. This is due to the complex propagation of uncertainty from
melt curves to the equilibrium constant and from the equilibrium constant to the extracted
parameters, ΔH, ΔS, and ΔCP
We present both an introduction to advanced
data analysis techniques as well as an
evaluation of the sensitivity of the van’t Hoff
analysis to measurement uncertainties.

Figure 2. Monte Carlo sensitivity analysis of
thermodynamics extraction for increasing noise,
showing statistical ΔH/ΔS compensation artifact

FNANO 2020 Proceedings
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Cell membrane provides a physical barrier between the intracellular compartments and
the extracellular environment. Moreover, cell membrane plays important roles in the
signal transmission between cells and extracellular matrix or among neighboring cells.
Better understanding and modulation of the compositions and functions of cell
membranes is critical for regulating cell signaling and interactions. Among different
methods developed for cell membrane study and regulation, lipid-DNA conjugates are
powerful tools with great potentials. These conjugates have recently attracted much
attention for cell membrane analysis, transmembrane signal transduction, and regulating
intercellular networks. These lipid-DNA probes can be spontaneously inserted into the
membrane simply by incubation. The highly precise and controllable DNA interactions
have further allowed the programmable manipulation of these membrane-anchored
functional probes. However, our understanding is still quite limited on how these lipidDNA probes can interact with the cell membranes and what parameters determine this
process.
Here, we aim to provide an in-depth understanding of how lipid-DNA conjugates interact
with cell membranes. With quantitative assessment using several methods, we have
determined the cell membrane insertion kinetics, magnitudes, and durations of different
lipid-DNA probes. We have systematically studied the effect of lipid/DNA structure,
hydrophobicity, concentration, temperature, and cell type on these membrane
interactions. We studied the probe modification density on different cell membrane and
realized that, modification is highly subjected the lipid linker (Figure 1a). By measuring
the relative hydrophobicity of each probe, we found that there is an optimum probe
hydrophobicity for maximum probe density on the cell membrane. (Figure 1b). We further
discovered that probe detachment from the cell membrane usually happens through two
main mechanisms which result in probe density decay (Figure 1 c). Probes either
internalize into the cells through endocytosis or diffuse out into the solution.
Understanding these pathways quantitively, helped us to develop a general mechanism
of probe interaction with membrane and their removal from cell surface (Figure 1d).
First, there is equilibrium between the monomeric and aggregated forms of lipid–DNA
probes in the solution. Monomeric form lipid-DNA probes insert into the cell membranes.
Then, some of the cell membrane-anchored probes are internalized into the cells through
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clathrin- or caveolae-mediated endocytosis. Most of the internalized probes are then
located inside the late endosomes or lysosomes where they are degraded or rejected out
of the cells. Some probes are likely transferred to the Golgi apparatus or endoplasmic
reticulum as well. On the other hand, the membrane-anchored probes can also directly
flow out into the extracellular solution, which is the reverse process of the initial probe
membrane insertion. It is worth mentioning that direct probe exchange between
neighboring cells can also occur at the cell–cell junctions.

Figure1: (a) Effect of different lipid linker on probe modification efficiency on MDCK cell membrane. (b)
Membrane probe density on four different types of cell lines plotted against probe corresponding
hydrophobicity. (c) Probe density decay from the MDCK plasma membrane. (d) Schematic of the dynamic
process of lipid-DNA probe modification on cell membranes.

Detailed understanding of Lipid-DNA conjugates interaction with cell membrane enabled
us to minimize probe removal from the cell membrane and extend their effective time
window to over 24 hours. Therefore, these lipid-DNA conjugates now can be applied for
various membrane studies that require long-term immobilization on the cell membrane.
In conclusion, our quantitative data have dramatically improved our understanding on how
lipid-DNA probes can dynamically interact with the cell membranes. These results can
be further used to allow broad applications of lipid-DNA probes for cell membrane
analysis and regulations.
References:
1. Bagheri Y, et al. Chem. Sci., 2019,10, 11030-11040
2. You M, et al. Nat. Nanotechnol., 2017, 12, 453-459.
3. Zhao B, et al. J. Am. Chem. Soc., 2017, 139, 18182–18185
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Metal nanomaterial synthesis and placement on DNA nanotubes to
make electrically conductive wires
Dulashani R. Ranasinghe,a Basu R. Aryal,a Tyler R. Westover,b Sisi Jia,d Robert C.
Davis,b John N. Harb,c Rebecca Schulman,d Adam T. Woolleya*
Department of Chemistry & Biochemistry,a Department of Physics & Astronomy,b
Department of Chemical Engineering,c Brigham Young University, Provo, UT 84602
Johns Hopkins Institute for Nanobiotechnology,d Johns Hopkins University, Baltimore,
MD 21218
*Corresponding Author: awoolley@chem.byu.edu

Self-assembly aided nanostructure fabrication is increasingly appealing, as it requires
fewer materials and has potential to reduce feature sizes in making complex
nanostructures. DNA, with its nanoscale dimensions, functional groups and
complementary base pairs, is a powerful template for making nanostructures via selfassembly.1 We use DNA nanotubes that have a hollow interior and variable length as
templates. Figure 1A shows a schematic diagram of the growth of DNA nanotubes.
Atomic force microscopy (AFM) of deposited DNA nanotubes on an oxidized Si wafer
shows separate 30 nm wide DNA structures that can be as long as 10 μm (Figure 1B).
These DNA nanotubes offer a route to electrically conductive nanowires that are several
micrometers long and have controlled orientation that may be useful in constructing
integrated nanoelectronic devices. We metallize DNA nanotubes by using two different
methods with the ultimate goal of creating long connections. One approach involves
seeding DNA nanotubes with gold nanorods (Figure 2A) and connecting them by
electroless plating (Figure 2B).1 Another method utilizes Pd ionic seeding3 in a three-step
process: Pd activation, Pd reduction to form seeds and electroless plating (Figure 2C).
We utilize electron beam induced deposition (EBID) of conductive Pt contacts to study
electrical properties (Figure 3A) with resolution <100 nm. Initial conductivity
measurements revealed that the formed Au seeded and plated structures have ohmic
character (Figure 3B); the average resistance values for three structures were 59 kΩ, 84
kΩ and 98 kΩ, and more measurements are in progress. Our work yields new insights
into high-density nanomaterial attachment on DNA structures, making them potentially
useful templates for wires in complex electronic circuitry.
References
1.
Uprety, B.; Jensen, J.; Aryal, B. R.; Davis, R. C.; Woolley, A. T.; Harb, J. N.,
Directional Growth of DNA-Functionalized Nanorods to Enable Continuous, Site-Specific
Metallization of DNA Origami Templates. Langmuir 2017, 33 (39), 10143-10152.
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Figure 1 (A) Schematic diagram of the growth of DNA nanotubes; reprinted from
ref. 2. (B) AFM image of DNA nanotubes.
(A)

(C)

(B

Figure 2 SEM images of (A) DNA nanotubes seeded with Au nanorods. (B)
Plated DNA nanotube structure after Au nanorod seeding. (C) Structure formed
after ionically seeding and plating with Au.
(A)
(B)

Figure 3 (A) SEM image of EBID-connected DNA nanotube structure. (B) Currentvoltage curve for a plated DNA nanotube.
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DNA Origami Cryptography for Secure Communication
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Biomolecular cryptography exploiting specific biomolecular interactions for data
encryption represents a unique approach for information security. However, constructing
protocols based on biomolecular reactions to guarantee confidentiality, integrity and
availability (CIA) of information remains a challenge. Here we develop DNA origami
cryptography (DOC) that exploits folding of a M13 viral scaffold into nanometer-scale selfassembled braille-like patterns for secure communication, which can create a key with a
size of over 700 bits. The intrinsic nanoscale addressability of DNA origami additionally
allows for protein binding-based steganography, which further protects message
confidentiality in DOC. The integrity of a transmitted message can be ensured by
establishing specific linkages between several DNA origamis carrying parts of the
message. The versatility of DOC is further demonstrated by transmitting various data
formats including text, musical notes and images, supporting its great potential for
meeting the rapidly increasing CIA demands of next-generation cryptography.
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Fig. 1 Protocol of DOC for message
confidentiality. a The process is
composed of three layers—pattern
encryption as the outer layer (gray),
followed by the steganographic
intermediate layer (green), and DNA
origami encryption (DOE) as the
innermost layer (pale green). b Alice
holds the DNA scaffold and can
generate the M-strands. Alice firstly
encoded the plaintext message
“HEY” letter by letter into binary
numbers, and then encrypted the
numbers for each letter (navy) and
their respective positions in the
message (teal) into a braille-like spot
pattern. Then Alice encrypted the
patterns into a combination of
scaffolds carrying several M-strands,
according to a defined DNA origami folding scheme. c Bob holds streptavidin and
generate the staples. With the staples Bob was able to fold the DNA origami, revealing
biotinylated patterns on the M-strands. Subsequently, Bob added streptavidin to make the
patterns recognizable under the AFM. Finally, the plaintext message was decrypted letter
by letter into binary numbers and decoded. d The fluorescent pattern under the STORM.
e Braille-like streptavidin patterns under the AFM. Scale bar: 50 nm.
Fig. 2 Transmitting music and image with
DOC. a The custom keypad indexing the
music to binary numbers. b From spot
pattern to music. c AFM images of
streptavidin patterns conveying the
music. d A 256-pixel panda image. The
pixel boxed in orange is presented by a
spot pattern (an analogic map of China).
e 256 streptavidin patterns conveying the
panda. Scale bar: 50 nm.
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Zhang, Y. et al. DNA origami cryptography for secure communication. Nat. Commun. 10,
5469, doi:10.1038/s41467-019-13517-3 (2019).
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Instead of toehold mediated strand displacement, we have shown in this study that
controlled dynamics can be achieved by the simpler implementation of toehold-free strand
displacement. Under such a scheme, when a single-stranded DNA (ssDNA) blocker (e.g.,
n’) fully complementary to a certain segment of paired duplex (e.g., nn*) is presented at
an excess amount, it can displace the specific segment by pairing competition (e.g., nn’)
(Fig. a). The blocking can be applied to an arbitrary set of segments of paired duplexes
(e.g., NN*, N = {n1, n2, …, ni}; N* = {n1*, n2*, …, ni*}). When a counterpart set of ssDNA
blockers (e.g., N’ = {n1’, n2’, …, ni’}) is presented at an excess amount, the original pairing
scheme will be outcompeted and displaced (Fig. b). In other words, when the original
pairing scheme of NN* without strand displacement is defined as an ON state, the pairing
after strand displacement (NN’) can be defined as an OFF state. Basic dual-unit systems
and a more complex quadruple-unit system are designed based on the concept. With
blockers serving as a controller which switch ON/OFF a certain binding by toehold-free
strand displacement, a 4-bit input/2-bit output and a 16-bit input/8-bit output Boolean
functions are then implemented based on the reliable dynamic switch. In general, toeholdfree strand displacement has been applied in a number of DNA nanostructure systems.
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Summary Fig. Schematic diagrams of controllable dynamics of DNA nanostructures based on
toehold-free strand displacement. Tree maps of binding reactions of (a) one species of blocker to
displace one species of prespecified segment (nn*) or (b) two species of blockers to displace two
species of prespecified segments (n1n1*, n2n2*).
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DNA-scaffolded envelope assembly for HIV Electron Microscopy
Polyclonal Epitope Mapping (EMPEM)
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Jolla, CA
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With the recent success of single particle electron microscopy (EM), a revolutionary
strategy to characterize heterogeneous immune responses to HIV envelope (Env) has
been developed by the Ward lab[1] . Electron Microscopy Polyclonal Epitope Mapping
(EMPEM) enables structural characterization of heterogenous complexes of polyclonal
antibody (pAb) responses to antigens. The original study demonstrated mapping of the
polyclonal immune response of rabbits to vaccination with an experimental HIV trimer
immunogen, but we have now adapted the assay to a wide variety of antigens and sera
derived from different animals including non-human primates[2] and humans. However,
with limited amount of serum available, especially from human trials, testing crossreactivity of pAbs against diverse antigens remains extremely challenging.
Self-assembled
DNA
nanostructures
have
emerged as promising
biomolecular scaffolds to
precisely
organize
functional elements at
nanoscale, due to their
sequence-coded,
addressable
nature.[3]
Super-molecular constructs
of
proteins
that
are
scaffolded
by
DNA
nanostructures exhibit good
control over nanometer
scale
inter-component
distances, orientations, and
relative molecular ratios.

FIG. 1. Assembly scheme of Env-DNA complex. (A)
Conjugation of Env with ssDNA. (B) Assembly of Env on to
24HB DNA origami. (C) Control of number/ position of envs.

Combining the strength of both DNA nanotechnology and EM
We propose to assemble HIV Env antigens onto a 24 helix bundle (24HB) 3D DNA nanoscaffold to exert precise control over HIV Env copy number and geometry. We will then
use this tool to investigate the cross-reactivity of both monoclonal antibody (mAb) and
polyclonal antibody (pAb) responses to diverse HIV strains. This method would not only
save a large amount of serum and experimental time, but also achieve parallel epitope
mapping across multiple HIV strains in a single experiment (FIG. 2A).
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The engineering of the DNA-Env
chimera must take several
factors
into
consideration.
Primary among these, is that the
antigenic surface of Env must be
left undisturbed and intact for
antibodies to access. To achieve
this, we genetically modified the
C-term of HIV Env and used a
cysteine-maleimide
based
conjugation protocol (FIG. 1A).
HIV Envs were then assembled
onto DNA nanoscaffolds through
hybridization (FIG. 1B). Intermolecular distances can be
successfully
controlled
by
placing probe strands at different
positions along the 24HB rod to FIG. 2. (A) Sample preparation work flow of EMPEM. (B)
achieve optimum density for EM Representative data processing flow of mAbs/ pAbs
imaging (FIG. 1C). MAbs hitting a targeting different epitopes of HIV env.
variety of epitopes on HIV Env
have been imaged and characterized on the DNA scaffolded Env complex (FIG. 2B). We
are currently testing the conjugation protocol on multiple strains of HIV Envs and
assembling them onto the same 24HB DNA scaffold in defined positions. This approach
using antigens bound to DNA scaffolds can be easily combined with EMPEM studies of
other viral systems, such as influenza and coronavirus.
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Origami nanocalipers
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The ability to apply and measure large forces (>10pN) on the nanometer scale is
critical to the ongoing development of nanomedicine, molecular robotics, and the
understanding of several high-force biological processes such as chromatin
condensation, membrane deformation, and viral packaging. Current techniques in force
spectroscopy to apply nanoscale forces are lacking in throughput and applicability in vivo.
DNA Origami nanocalipers are uniquely positioned both as a high-throughput
measurement technique and as a bio-compatible device which can be applied to both in
vivo and in vitro measurements to meet these challenges.
We show that DNA origami devices are well suited to meet these needs through
transmission electron microscopy (TEM) and Forster resonance energy transfer (FRET).
We demonstrate that FRET is an accurate readout of open/closed state as confirmed by
direct measurement of the angle of the hinge through TEM. The nanocalipers are trapped
temporarily by a base-paired DNA internal strut which is fluorescently labeled to exhibit
high FRET in the closed state and low FRET in the open state. This work is supplemented
by a partition function model predicting the closed fraction as a function of sequence. In
addition to direct contributions from base-pairing, the model incorporates the effect of
shortening the internal strut by increasing the number of paired bases. This effect is due
to the difference in contour length between single-stranded and duplex DNA. We
additionally predict, through the computational modeling platform oxDNA, as well as
directly observe, bending of our structure and its ensuing effect on the apparent angle of
the nanocaliper under high force. We continue by measuring FRET in single molecule
total internal reflectance microscopy, allowing us to directly measure the kinetics of
opening and closing. Kinetics within the hinge are compared to a direct measurement of
the kinetics of internal strut binding in the absence of the hinge using a fluorescence
quencher system. By comparing the dissociation rate between these samples, we can
measure the average force applied by that hinge in the closed state. To summarize, we
characterize the nanocalipers through their closed fraction, output force, kinetics, and
bending to understand the effects of sequence, vertex design, strut length, and placement
on the mechanics of the nanocalipers through modeling, ensemble, and single molecule
techniques. By directly measuring and engineering forces up to 25pN, we elucidate new
DNA Origami design principles specifically for nanoscale high-force applications which
will likely be necessary to study and engineer high-force phenomena.
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Fig 1. a) The high-force DNA Origami nanocaliper with FRET readout. Measured force is
increased by increasing the length of an oligonucleotide attached to one arm of the
nanocaliper, resulting in a larger number of complementary bases. b) The dissociation of
conjugated quencher-oligonucleotide is observed through monitoring the fluorophore
signal on a single molecule TIRF microscope. Biotin-PEG passivated surfaces are used
to anchor the fluorophore construct to the imaging surface.

Fig 2. a) Example single molecule trace for dsDNA quenching experiment, 8bp in length,
at 20nM concentration. The trace was fit to a hidden Markov model using ebFRET and a
histogram of the raw data collated over time is shown at right. b) Cumulative sum of
melting events at 20nM oligonucleotide concentration. A single exponential fit yields a
characteristic rate of .03 events per second. c) A summary of kinetics for the 4
concentrations sampled for the 8bp oligonucleotide. d) Example single molecule trace for
a nanocaliper closed by an 8bp internal strut with FRET reporter. e) Cumulative sum of
opening events for 8bp internal strut nanocaliper, which single exponential fit yielding a
characteristic rate of .15 events per second. f) Estimation of the force from kinetic
measurements. The distance over which the force is applied is estimated with an upper
bound of .3nm, the distance on-axis between paired bases in B-form duplex DNA.
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,QWURGXFWLRQ

7KLV DEVWUDFW GHPRQVWUDWHV D QRYHO VFKHPH IRU VWRU
LQJ LQIRUPDWLRQ DQG SHUIRUPLQJ FRPSXWDWLRQ RQ UDQ
GRPO\ QLFNHG '1$ 3UHYLRXV UHVHDUFK KDV VKRZQ
WKDW K\GUR[\O UDGLFDOV FDQ EH XVHG WR FOHDYH '1$ ±
ZH ZLOO XVH WKH WHUP ³µQLFN´ '1$ ± UDQGRPO\ DORQJ
LWV EDFNERQH >@ 2QH FDQ H[HUW ILQHJUDLQHG FRQ
WURO RQ WKH UDWH RI QLFNLQJ :H H[SORLW WKLV SURFHVV
WR VWRUH IUDFWLRQDO YDOXHV WKH YDOXH VWRUHG LQ '1$
LV D IUDFWLRQ EHWZHHQ  DQG  UHODWLYH WR D PD[L
PXP UDWH RI QLFNLQJ :H XVH WRHKROGPHGLDWHG '1$
VWUDQG GLVSODFHPHQW D SRZHUIXO WRRO IRU SHUIRUPLQJ
FRPSXWDWLRQ RQ '1$ >@ >@ :H DOVR XVH '1$ HQ
]\PHV VXFK DV OLJDVH ZKLFK UHSDLUV QLFNV RQ WKH
'1$ EDFNERQH DQG IODS HQGRQXFOHDVH ZKLFK VQLSV
RII RYHUKDQJLQJ VLQJOHVWUDQG IODSV >@>@ :LWK UDQ
GRP QLFNLQJ ZH FDQ H[SORLW WKH WKHRU\ RI VWRFKDVWLF
FRPSXWLQJ WR WUDQVIRUP VWRUHG IUDFWLRQDO YDOXHV >@
:H GHPRQVWUDWH WKH EDVLF RSHUDWLRQV RI GDWD VWRU
DJH DQG FRPSXWDWLRQ LQ WKLV SDUDGLJP

FRPSOH[HV ZLWK UDQGRP FXWV LQ WKH SKRVSKDWH EDFN
ERQH $IWHU GHQDWXULQJ EDVHV RSSRVLWH DGMDFHQW
QLFNV DUH H[SRVHG &DOO WKH IUDFWLRQDO YDOXH WKDW
LV VWRUHG WKH SUREDELOLW\ WKDW D JLYHQ EDVH LV H[
SRVHG (TXLYDOHQWO\ E\ WKH ODZ RI ODUJH QXPEHUV
LW LV WKH UDWLR RI WKH WRWDO QXPEHU RI EDVHV H[SRVHG
WR WKH WRWDO QXPEHU RI EDVHV :H ZLOO FDOO FRQWLJX
RXV H[SRVHG UHJLRQV LQ WKLV VWUDQG JDSV DQG WKHLU
FRXQWHUSDUWV FRYHUV )RU H[DPSOH LQ )LJXUH   
WKH FRPSOH[ KDV  EDVHV H[SRVHG RXW RI D WRWDO
RI  EDVHV VR WKH YDOXH VWRUHG E\ WKH VWUDQG LV
11/38 ≈ 0.2894 7KHUH DUH  JDSV DQG  FRYHUV
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QLFNV IRU WKLV WR RFFXU WKH WKUHVKROG IRU GHQDWXULQJ
7KH VWUDQG FDQ WKH EH WUHDWHG ZLWK OLJDVH WR UHSDLU
DQ\ H[WUDQHRXV QLFNV DIWHU WKLV VWDJH &DOO WKH QLFN
LQJ UDWH WKH UDWH DW ZKLFK QLFNV DUH SURGXFHG UHOD
WLYHO\ WR D PD[LPXP UDWH :H KDYH GHWHUPLQHG WKDW
WKH IROORZLQJ IXQFWLRQ SUHGLFWV WKH IUDFWLRQDO YDOXH RI
D VWUDQG f EDVHG RQ WKH QLFNLQJ UDWH x DQG WKUHVKROG
IRU GHQDWXULQJ k
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%DVHG RQ WKH WKHRU\ RI VWRFKDVWLF FRPSXWLQJ D ORJ
LFDO L. RSHUDWLRQ SURGXFHV D UHVXOW WKDW LV WKH SURG
XFW RI WZR IUDFWLRQDO YDOXHV >@ )LJXUH  GHSLFWV
KRZ WKH RSHUDWLRQ FDQ EH SHUIRUPHG WKH SURED
ELOLW\ RI D FHUWDLQ EDVH EHLQJ H[SRVHG LQ WKH ILQDO
VWUDQG C LV WKH SUREDELOLW\ RI LW EHLQJ VLPXOWDQHRXVO\
H[SRVHG LQ VWUDQG A DQG LQ VWUDQG B WKLV LV WKH
SURGXFW RI WKH IUDFWLRQDO YDOXHV RI ERWK VWUDQGV DV
VXPLQJ WKHVH ZHUH FUHDWHG UDQGRPO\ DQG LQGHSHQ
GHQWO\ 1RWH WKDW ZLWK fA = 11/38 DQG fB = 13/38
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)LJ  /RJLFDO L. RSHUDWLRQ RQ WZR IUDFWLRQDO YDO
XHV
ZH KDYH fC = 4/38 ≈ 0.1052 7KLV DSSUR[LPDWHV
fA × fB ≈ 0.0990



/RJLFDO LPh RSHUDWLRQ

%DVHG RQ WKH WKHRU\ RI VWRFKDVWLF FRPSXWLQJ JLYHQ
D IUDFWLRQDO YDOXH x D ORJLFDO LPh RSHUDWLRQ SURGXFHV
D YDOXH 1 − x )LJXUH  VKRZV D LPh RSHUDWLRQ
WKH GHQDWXULQJ VWHS VHSDUDWHV RXW WKH FRYHUV IRU WKH
RXWSXW VWUDQG WKDW H[DFWO\ ILOO WKH JDSV LQ WKH LQSXW
VWUDQG



&RQFOXVLRQ

,Q WKLV DEVWUDFW ZH SUHVHQWHG D QRYHO VFKHPH IRU
VWRULQJ GDWD LQ '1$ XVLQJ UDQGRP QLFNLQJ ZLWK K\
GUR[O JURXSV :H DOVR SURSRVHG PHWKRGV IRU LPSOH
PHQWLQJ EDVLF FRPSXWDWLRQ QDPHO\ SURGXFWV ZLWK
L. RSHUDWLRQV DQG 1 − x FRPSXWDWLRQV ZLWK LPh RS
HUDWLRQV 7KH PHWKRGV DUH IXQGDPHQWDO \HW SRZHU
IXO 5HVHDUFK LQ VWRFKDVWLF FRPSXWLQJ KDV VKRZQ
WKDW FRPSOH[ IXQFWLRQV FDQ EH SHUIRUPHG E\ FRP
SRVLQJ WKHVH RSHUDWLRQV >@ )RU LQVWDQFH D 7D\ORU
VHULHV H[SDQVLRQ RI e−x FDQ FRPSXWHG ZLWK RQO\ 
VXFK RSHUDWLRQV
e−x ≈ 1 − x +

x3
x
x
x2
−
= 1 − x(1 − (1 − ))
2!
3!
2
3

:H KDYH GHVLJQHG DQG YHULILHG FRPSXWDWLRQ RI VXFK
IXQFWLRQV WKURXJK VLPXODWLRQ :H DUH FROODERUDWLQJ
ZLWK WKH 6RORYHLFKLN DQG 0LOHQNRYLF JURXSV DW WKH
8QLY RI 7H[DV DQG WKH 8QLY RI ,OOLQRLV UHVSHFWLYHO\
WR GHPRQVWUDWH WKH FRPSXWDWLRQ H[SHULPHQWDOO\ RQ
'1$



5HIHUHQFHV

)LJ  /RJLFDO LPh RSHUDWLRQ RQ D VLQJOH IUDFWLRQDO
YDOXH
WLRQ DERXW GQDSURWHLQ FRQWDFWV DQG DSSOLFDWLRQ
WR ODPEGD UHSUHVVRU DQG FUR SURWHLQ´ 3URFHHG
LQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV YRO
 QR  SS ± $XJ 
>@ %HUQDUG <XUNH ³$ GQDIXHOOHG PROHFXODU PD
FKLQH PDGH RI GQD´ 1DWXUH YRO  QR 
 
>@ 'DYLG 6RORYHLFKLN *HRUJ 6HHOLJ DQG (ULN :LQ
IUHH ³'QD DV D XQLYHUVDO VXEVWUDWH IRU FKHPLFDO
NLQHWLFV´ 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\
RI 6FLHQFHV YRO  QR  SS ±

>@ , 5REHUW /HKQPDQ ³'QD OLJDVH VWUXFWXUH
PHFKDQLVP DQG IXQFWLRQ´ 6FLHQFH YRO 
QR  SS ± 
>@ <XDQ /LX +XL, .DR DQG 5REHUW $ %DPEDUD
³)ODS HQGRQXFOHDVH  D FHQWUDO FRPSRQHQW RI
GQD PHWDEROLVP´ $QQXDO UHYLHZ RI ELRFKHP
LVWU\ YRO  QR  SS ± 
>@ : 4LDQ ; /L 0DUF 5LHGHO . %D]DUJDQ DQG
' - /LOMD ³$Q DUFKLWHFWXUH IRU IDXOWWROHUDQW FRP
SXWDWLRQ ZLWK VWRFKDVWLF ORJLF´ ,((( 7UDQVDF
WLRQV RQ &RPSXWHUV YRO  QR  SS ±


>@ 7 ' 7XOOLXV DQG % $ 'RPEURVNL ³+\GUR[\O
UDGLFDO ³IRRWSULQWLQJ´ KLJKUHVROXWLRQ LQIRUPD
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Using strand displacing polymerase to program
chemical reaction networks
Shalin Shah,†,‡,¶ Jasmine Wee,§ Tianqi Song,‡ Ming Yang,‡ Luis Ceze,§ Karin
Strauss,¶ Yuan-Jyue Chen,¶ and John Reif∗,†,‡
†Department of Electrical & Computer Engineering, Duke University, NC
‡Department of Computer Science, Duke University, NC
¶Microsoft Research, Redmond, WA
§Department of Computer Science and Engineering, University of Washington, Seattle, WA
E-mail: reif@cs.duke.edu
Abstract
Chemical reaction networks (CRNs) provide a powerful abstraction to formally
represent complex biochemical processes. DNA provides a promising substrate to implement the abstract representation (or programming language) of CRNs due to its
programmable nature. Prior works that used DNA to implement CRNs either used
DNA-only systems or multi-enzyme DNA circuits (1 , 2 ). Architectures with DNA-only
components had the rationale of being biologically simple systems while multi-enzyme
system aimed at following nature and its complexity. In this work, we explore an
alternative architecture which lies at the center of the spectrum between DNA-only
systems and multi-enzyme DNA systems. Our architecture relies on a strand displacing polymerase enzyme (3 ) for implementing CRNs. We, ﬁrst, introduce the theory
and design of our framework and then use in silico and in vitro demonstrations as a
proof-of-principle. We design a simple protocol that approximates arbitrary unimolecular and bimolecular reactions using polymerase strand displacement reactions. Then

1
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we use these fundamental reaction systems as modules to show in silico demonstrations
three large-scale applications of our architecture, including an autocatalytic ampliﬁer,
a molecular-scale consensus protocol, and a dynamic oscillatory system (4 ). Finally,
we experimentally engineer a catalytic ampliﬁer as a use-case of our framework since
such ampliﬁers require intricate design of DNA sequences and reaction conditions (5 ).

Keywords: DNA kinetics, Polymerase strand displacement, CRNs, Oscillatory protocols,
Consensus networks
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A DNA-origami scaffolded artificial nuclear pore complex
Qi Shen1,2, Taoran Tian1,2, Thomas J Melia1, C. Patrick Lusk1*, Chenxiang Lin1,2,*
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In eukaryotic cells, the Nuclear Pore Complex (NPC) is the sole gateway that controls
molecular traffic between the nucleus and cytoplasm1-3. At the core of this massive protein
complex is a central channel lined with intrinsically disordered proteins called Phe-Glyrich nucleoporins (FG-nups). Despite its ubiquity, the detailed mechanisms underlying the
NPC’s barrier formation and selective permeability remains elusive. This is in part
because of the NPC’s structural complexity and heterogeneity in living organisms and a
lack of means to controllably arrange FG-nups in a confined space to recapitulate their
natural physiochemical environment2,4.
Our approach to unlocking the nuclear transport mechanisms is to use the DNA-origami
technique to create a nanoscale channel with FG-nups attached at programmed locations
with defined stoichiometry, which we term NuPODs (NucleoPorins Organized by DNA)
Such artificial constructs mimic key structural features of the NPC central channel,
allowing for the systematic study of the influence of FG-nup configuration on their permselective properties. We previously constructed NuPODs with yeast central channel nups
(Nsp1 and Nup100), where we discovered that the cohesiveness, density, and spatial
organization of nups within a cylindrical confinement profoundly impact the structure and
dynamics of the FG-nup collectives5.
To assess how unique combinations of FG-nups impacts the permeability of NuPODs,
we have assembled a basket-shaped DNA structure with a rectangular prism that houses
up to 48 copies of FG-nups and a chemically modified baseplate that traps incoming
macromolecules. Using such a FG-nup gated nanochamber, we show that Nsp1 and
Nup100 form very different diffusion barriers. While a NuPOD lined with 48× Nsp1 is
permeable to proteins over 100 kD, 48 copies of Nup100 form a barrier that blocks the
entry of ~50 kD proteins. The strength of the barrier depends on Nup100 copy number
and likely on cohesive interactions as reducing Nup100 density or mutating its GLFG
motifs to GLSG reduces the strength of the diffusion barrier. Lastly, to evaluate the
kinetics of nuclear transport receptor-mediated transport through NuPODs, we have
engineered an artificial nuclear envelope that features a GUV with membrane-embedded
NuPODs. Therefore, these programmable NsuPODs present an enabling platform for
investigating the nuclear transport mechanism.
REFERENCES
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&RPSOH[LW\ DQG PRGXODULW\ LQ D VLPSOH PRGHO RI
VHOIDVVHPEOLQJ SRO\FXEHV
-RDNLP %RKOLQ  $QGUHZ - 7XUEHUILHOG  DQG $UG $ /RXLV




'HSDUWPHQW RI 3K\VLFV &ODUHQGRQ /DERUDWRU\ 8QLYHUVLW\ RI 2[IRUG 3DUNV
5RDG 2[IRUG 2; 38 8QLWHG .LQJGRP

5XGROI 3HLHUOV &HQWUH IRU 7KHRUHWLFDO 3K\VLFV 8QLYHUVLW\ RI 2[IRUG  .HEOH
5RDG 2[IRUG 2; 13 8QLWHG .LQJGRP
(PDLO MRDNLPERKOLQ#SK\VLFVR[DFXN
3RVWHU OLQN KWWSVDNRGLDWJLWKXELRSRO\FXEHVGRFIQDQR


,W VHHPV LQWXLWLYHO\ FOHDU WKDW VRPH VKDSHV

ZLOO EH HDVLHU WR VHOIDVVHPEOH WKDQ RWKHUV 5H






FHQW WKHRUHWLFDO UHVXOWV EDVHG RQ DOJRULWKPLF LQ

IRUPDWLRQ WKHRU\ $,7 > @ KDYH TXDQWLILHG

WKLV LQWXLWLRQ E\ SUHGLFWLQJ WKDW WKH QXPEHU RI
DVVHPEO\ UXOHV WKDW OHDG WR D SDUWLFXODU VKDSH
 
VFDOHV H[SRQHQWLDOO\ ZLWK WKH .ROPRJRURY FRP

   
SOH[LW\ RI WKH VLPSOHVW UXOH QHHGHG WR PDNH
VXFK D VKDSH +HUH ZH VWXG\ WKLV YHU\ JHQ
HUDO SUHGLFWLRQ XVLQJ D VLPSOH PRGHO RI ' SRO\
 
FXEH VWUXFWXUHV ZKRVH DVVHPEO\ LV FRQWUROOHG
WKURXJK IDFHIDFH LQWHUDFWLRQ UXOHV
7KH PRGHO ZKLFK LV D JHQHUDOLVDWLRQ RI WKH
' SRO\RPLQR PRGHO > @ VWRFKDVWLFDOO\ DV
VHPEOHV D VHW RI FXELF EXLOGLQJ EORFNV RQ D ODW
WLFH HDFK RI ZKLFK FDQ KDYH DQ RULHQWHG DQG
)LJXUH  ,OOXVWUDWLRQ RI KRZ D JHQRW\SH LQSXW
FRORXUHG SDWFK RQ LWV VL[ IDFHV LQWR DQ RXWSXW WRS  LV PDSSHG XQWR WKH SKHQRW\SH RXWSXW SRO\
SRO\FXEH 6HH )LJXUH  IRU DQ H[DPSOH
FXEH E\ VWRFKDVWLF DVVHPEO\ IURP DQ LQLWLDO VHHG
6WDUWLQJ ZLWK WKH ILUVW FXEH LQ WKH LQSXW DGGL 7KH JURZWK VWRSV ZKHQ QR PRUH SDWFKHV DUH H[
WLRQDO FXEHV DUH DWWDFKHG VLPLODU WR SDWFK\ SDU SRVHG PDNLQJ WKLV SDUWLFXODU RXWSXW ERXQGHG
WLFOHV ZKHUHYHU FRORXUV DQG RULHQWDWLRQV PDWFK &RORXUV FDQ EH DQ\ LQWHJHU QXPEHU n
π
DQG ZLOO ELQG WR ín ZKLOH WKH RULHQWDWLRQ LV LQ DQ\ RI IRXU SRVVLEOH URWDWLRQV
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$V FDQ EH VHHQ LQ )LJXUH  WKHUH LV D FOHDU ORJOLQHDU UHODWLRQVKLS EHWZHHQ WKH SUREDELO
LW\ RI ILQGLQJ D UXOH WKDW DVVHPEOHV LQWR D SDUWLFXODU VWUXFWXUH DQG WKH LQIRUPDWLRQ QHHGHG
WR VSHFLI\ WKH VWUXFWXUH DV SUHGLFWHG LQ > @

)LJXUH  7KH SRZHUODZ GLVWULEXWLRQ RI ERXQGHG DQG GHWHUPLQLVWLF SRO\FXEHV IRXQG E\ UDQGRPO\ VDPSOLQJ
LQSXW UXOHV (DFK SRLQW UHSUHVHQWV D SDUWLFXODU SKHQRW\SH ILYH RI WKHP LOOXVWUDWHG  ZLWK WKH [D[LV EHLQJ D
PHDVXUH RI WKH VPDOOHVW UXOH UHTXLUHG WR DVVHPEOH WKH VWUXFWXUH D SUR[\ IRU .ROPRJRURY FRPSOH[LW\  ZKLOH
WKH \D[LV LV WKH DSSUR[LPDWHG SUREDELOLW\ RI ILQGLQJ WKH SKHQRW\SH E\ UDQGRP VDPSOLQJ 7KH RXWOLHUV DW WKH
ERWWRP ULJKW DUH FDXVHG E\ XQLTXH VWUXFWXUHV RQO\ IRXQG RQFH LQ WKH ILQLWH VDPSOLQJ

)LQDOO\ ZH FRPPHQW RQ KRZ WKHVH UXOHV DSSO\ WR WKH GHVLJQ RI ODUJHVFDOH VHOIDVVHPEOHG
QDQRVWUXFWXUHV )RU H[DPSOH LW LV PXFK HDVLHU WR GHVLJQ PRGXODU RU V\PPHWULF VWUXFWXUHV
WKDQ DV\PPHWULF VWUXFWXUHV DQG WKH IRUPHU PD\ EH PXFK PRUH UREXVW WR HUURUV WKDQ WKH
ODWWHU

5HIHUHQFHV
>@

.DPDOXGLQ 'LQJOH &KLFR 4 &DPDUJR DQG $UG $ /RXLV ³,QSXW±RXWSXW PDSV DUH VWURQJO\ ELDVHG WRZDUGV
VLPSOH RXWSXWV´ ,Q 1DWXUH FRPPXQLFDWLRQV    S 

>@

.DPDOXGLQ 'LQJOH *XLOOHUPR 9DOOH 3pUH] DQG $UG $ /RXLV ³*HQHULF SUHGLFWLRQV RI RXWSXW SUREDELOLW\
EDVHG RQ FRPSOH[LWLHV RI LQSXWV DQG RXWSXWV´ ,Q 6FLHQWLILF UHSRUWV    SS ±

>@

6( $KQHUW HW DO ³6HOIDVVHPEO\ PRGXODULW\ DQG SK\VLFDO FRPSOH[LW\´ ,Q 3K\VLFDO 5HYLHZ ( 
  S 

>@

,DLQ * -RKQVWRQ HW DO ³(YROXWLRQDU\ G\QDPLFV LQ D VLPSOH PRGHO RI VHOIDVVHPEO\´ ,Q 3K\VLFDO 5HYLHZ
(    S 
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Recently, cyanine dyes covalently bound in DNA complexes have been studied for their
exciton delocalization properties that include J- and H-aggregate behavior and Davydov
splitting1,2. The self-assembly properties of DNA can bring dyes within distances (≤
2nm) that induce shifts in absorption maxima. Thus, DNA is used as a scaffold, allowing
the manipulation of the orientations of the dyes. To improve the viability of dye-DNA
systems for excitonic applications, the control of the positions of dyes in DNA systems is
crucial. Density functional theory (DFT) calculations can be used to optimize the
structures of molecular systems. However, proper choice of the exchange-correlation
(XC) functional is necessary to model systems accurately. Therefore, various XCfunctionals were employed and their effects on the ground state orientations and excited
state properties of Cy5 dye molecules were explored in this study.
The orientations and excited state properties of cyanine dye Cy5 aggregate systems
covalently bound to DNA were studied using DFT3 as well as an in-house program
based on the theoretical model of Kühn, Renger, and May (KRM)4. The KRM model can
predict the orientations of dyes within an aggregate from its absorbance and circular
dichroism (CD) spectra and vice versa. DFT calculations were performed on the
solvated Cy5 dimer structures to explore the effects of various DFT XC-functionals on
the geometry optimization process. Time-dependent DFT calculations (TD-DFT) were
also performed on the Cy5 monomer to explore the effects of XC-functionals and
Franck-Condon (FC) approximations on the predicted absorbance spectra. Fig. 1a
shows the Cy5 monomer optimized using DFT. Fig. 1b shows the Cy5 dimer in the
orientation determined using the KRM program by fitting experimental absorbance and
CD spectra. The center of mass separation is 1.47 nm and the angle of the dimer is 60°.
(a)

(b)

Fig. 1: The Cy5 (a) monomer optimized using DFT and (b) dimer determined by fitting
experimental absorbance and CD spectra using the KRM program.
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Comparing the experimental absorbance spectra to the spectra obtained with the KRM
program, the dimer system optimized using the ɘB97-XD XC-functional provides the
best agreement with experiment, as shown in Fig. 2a. For Cy5 monomer systems, it
was found that FC approximations provide good predictions of absorbance spectra
when using an XC-functional with no long-range or dispersion correction (B3LYP), as
shown in Fig. 2b. For the dimer system, it was determined that the ɘB97-XD XCfunctional provides the best agreement with experiment since it accounts for long-range
and damped empirical dispersion corrections, whereas the other functionals tested do
not. The long-range dispersion corrections are necessary to accurately estimate the
dye-dye interactions in the dimer system. Furthermore, the B3LYP XC-functional is
optimal for a single molecule because it does not have long-range dispersion correction
which could overestimate the vertical absorbance transition energy.
(b)
(a)

Fig. 2: (a) Predicted absorbance of the DFT-optimized Cy5 dimer system generated
using the KRM program compared with experiment. (b) Comparison of the predicted
absorbance of the Cy5 monomer using TD-DFT with FC approximations for various XCfunctionals.
Our computational results advance an understanding of the XC-functional effect on the
structural stability and excitonic phenomenon in Cy5 dyes. DFT-based electronic
structure calculations can help determine orientations of Cy5 dyes in the ground state.
Furthermore, TD-DFT results reveal the effect XC-functionals have on the excited state
properties and improve our understanding of how to best simulate dye systems.
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Abstract
The programmed self-assembly of synthetic DNA strands offers the unique ability to
build complex architectures with precision at the nanoscale. These DNA nanostructures
can act as templates for both organic and inorganic molecules, thus having tremendous
potential in many areas, including drug delivery, super-resolution imaging and nanomanufacturing. Although there have been numerous works that focus on the selfassembly conditions, aiming at an increased yield and stability of the synthesized
nanostructures, the mechanical properties of the resulting assemblies have been
relatively unexplored, with the exception of their bending resistance and the
corresponding persistence length. Despite a few previous studies [1-6], the mechanics
of DNA nanostructures under external forces is yet to be systematically examined, in
order to estimate their effective stiffness and improve the robustness of the designed
assembly.
Here we systematically design nanobeams with controlled characteristics, and
subsequently synthesize and test them to extract their mechanical properties under
tensile forces. To evaluate the effect of nicks and immobile Holliday junctions (HJs) on
the axial stiffness of DNA nanostructures, we use two base designs of DNA origami
nanobeams. All nanobeams consist of two DNA duplexes connected through HJs,
creating a series of periodic DX-tiles. The first design, C172N, has a double crossover
every 21 nucleotides (172 HJs total) while in the second design, C86N, the distance
between successive HJs corresponds to 42 nucleotides (86 HJs total). In both designs,
shown in Fig. 1, the two helices are nicked in every center between consecutive
crossovers, resulting in their total number of nicks being 171 and 85 respectively. The
two designs were synthesized using a one-pot thermal process and successful
assembly was confirmed by gel-electrophoresis and TEM. Treating T4 DNA ligase in
both designs leads to two more nanobeams, C172L and C86L, which exhibit the same
crossover density as the C172N and
C86N, respectively, but with zero nicks.
This allows us uncouple the effect of
HJs and nicks on stretching stiffness of
DNA origami.
To stretch DNA origami beams
using
hydrodynamic
forces,
the
nanobeams are immobilized on a glass
surface of the microfluidic device. The
stretching force is applied through a
Figure 1 DNA origami nanobeams with different
micron-sized particle bound to the free number of nicks and crossovers.
*corresponding authors: yun.chen@jhu.edu
stavrosg@jhu.edu
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end of the DNA origami while the buffer is
flown through the microfluidic device (Fig.
2). By adjusting the flow rate, the stretching
force magnitude exerted on the DNA
origami can be modulated ranging from 1
pN to 30 pN. The stretching force was
applied step-wise, with 4.9 pN as the
Figure 2 Apparatus for stretching DNA origami
starting magnitude and a 2.5 pN unit beams.
increment every 10 seconds, until reaching
a magnitude of 25 pN. The displacement of the micron-sized particle is tracked and the
elongation of the DNA origami as a function of the applied force is recorded.
Force displacement responses show that the stiffest response corresponds to the
ligated beam with the smaller number of HJs (C86L) while the more compliant beam is
the nicked beam with the double density of HJs (C172N). Our measurements indicate a
ligated nanobeams are 60% axial stiffer compared to their counterparts with the nicked
helices, suggesting nicks significantly reduces the stiffness of the origami. Furthermore,
we also observed that reducing the number of HJs by 50% results in more than twofold
increase in stiffness. This result demonstrates that adding HJs in DNA nanostructures
may increase bending rigidity and the corresponding persistence length, but
counterintuitively decrease stretching stiffness substantially. To gain insights to our
measurement results, we construct a computational model, where each helix is
regarded as a continuum elastic rod with the effective geometric and material properties
of B-form DNA. Our computational model leads us to conclude the local stiffness for
both HJs and nicks is two orders of magnitude smaller than the corresponding one of
the double helix.
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An essential step to predicting the yield of DNA origami folding is a rigorous understanding
of the thermodynamics of its unit process, the single fold, and the cooperative energetics
that can influence that process. The entropic costs associated with large-scale looping
play a key role in the folding of DNA origami, both at thermal equilibrium and when kinetics
dominate folding. These costs can vary with changes in scaffold topology, and the
dynamically evolving dsDNA content along the scaffold. By leveraging the high
throughput of qPCR equipment, we are able to examine the thermodynamics of these
folds via van’t Hoff analysis of melt curves.
We further examine the effect of staple excess and
of molecular crowding agents, revealing unintuitive
results in both cases. In contrast to whole origami,
increasing

staple

excess

for

a

single

fold

significantly reduces yield. Similarly, in contrast to
expectations, molecular crowding conditions do not
favor a folded state via a reduction in volume. We
present these results, and show how can inform an
understanding of whole-origami systems.

Figure 2. Single fold thermodynamics: Fitted ΔH, ΔS
and ΔCp. H.O. is a hybridization-only control sample.
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Figure 1. Single fold yield: Reporter intensity as a function of temperature and
staple excess for a 3407 base fold. Scaffold folding reduces reporter intensity
while side product formation does not.
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rogress in the bottom-up construction of synthetic cells1 has given insights into how biological
organisms function and on the origins of life. Despite advances in the last decades, a demonstration
of an open-ended in-vitro evolution of synthetic cells that is simple enough to serve as a plausible
model of the prebiotic/biotic transition has yet to be demonstrated. Here, we develop a synthetic
cell platform based on geophysical considerations.
We model the protocell as oil-in(A) Geological progression of oil slicks residing on primitive ocean
(C) Experimental setup
water droplets. While the there
(D) Preliminary data
have been several works demonstratNo raindrop
Raindrops
ing oil-in-water droplets exhibiting
the behaviors that protocell may en- Primordial soup
5 mm
counter,2, 3 there have yet a complete
Oil seeps
demonstration of oil-in-water droplet
1 raindrop
that can undergo a complete life cycle
involving birth, growth, replication,
Prebiotic oil
and death, within a plausibly prebiproduction
raindrops
327raindrops
otic environment.
(B) Life cycle of protobiont droplets
Growth by accretion
Daughter production by
The proposed model centers on the
ii hydrodynamics shear
of organic molecules i
Large droplet
ubiquitous mechanical processes in
Daughter oil
the dispersal of natural and mandroplets
made oil slicks in modern oceans. In
Droplet losing
iii
buoyancy
Removal from ocean
the prebiotic world, the organic mat- surface
by sedimentation
and burial
ter, primarily delivered to the earth’s
surface by micrometeorites, would Fig. 1. Raindrop impacting prebiotic soup of oil ﬁlm residing on ocean water produces protocell
(A) Schematic of proposed geological progression of oil slick production on primitive ocean
have naturally accumulated to ocean "droplets".
followed by action from raindrop impact forming oil droplets and cell-like structure droplets. (B) Life cycle
4
surface as oil slicks. Additionally, of the proposed protobionts of oil droplets. (C) Experimental setup to generate raindrop impacting on oil
ﬁlm residing on ocean water. (D) Preliminary data of droplet formation at indicated raindrop numbers.
these organic compounds were, perhaps, prevented from reaching shore by entrapment in ocean gyres. Hydrodynamics forces such as
raindrops or breaking waves on these thick organic ﬁlms, resembling a primordial soup, would have
produced droplets (Fig. 1A). Similar notion was proposed by Oparin where hydrodynamic forces
play an important role on the origins of life by enabling Darwinian evolution in the fragmentation
of coacervates through hydrodynamic shear.5 Comparably, the oil droplets could have undergone

P
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growth via accumulation of organic compounds (Fig. 1B–i), ﬁssion via locally intense hydrodynamic
shear produced by rainfall or breaking waves (Fig. 1B–ii), and eventually death by burial via the
loss of buoyancy through mineral accumulation (Fig. 1B–iii). In short, these droplets could have
functioned as simple self-replicators that natural selection could act to select droplets possessing
more ﬁt chemical and structural composition, and ultimately giving rise to the protobionts.
Finally, we will present results from preliminary laboratory experiments that explore the rich
ﬂuid-mechanics phenomena involved in the production of oil droplets from hydrodynamics forces
acting on oil ﬁlms residing on water surfaces and in the ﬁssioning of oil droplets (Fig. 1C). In
particular, raindrop impacting oil ﬁlm residing on water also produces water-in-oil-in-water (w/o/w)
droplets that resemble lipid vesicles in that a volume of water is surrounded by ﬁlm of oil (Fig. 1D).
Such droplets may have facilitated the prebiotic/biotic transition. Stability test reveals that the
droplets can maintain its identity up to three days if PEG-octyl-ether is used as the surfactant. In
contrast, the droplets are only stable on a time scale of minutes for PEG600-cholesterol surfactant.
Further experimental development may lead to a bench-top system in which oil droplets undergo
growth and ﬁssion, and are maintained at a steady state concentration through continual removal of
oil droplets which is analogous to a death process in natural environment. The population of oil
droplets maintained by such a system could serve as a platform for in-vitro evolution.
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Strongly coupled dye aggregates are of interest for a variety of applications, including
light harvesting and energy conversion, optoelectronics, and quantum computing.
Although dye aggregates can form via spontaneous aggregation in solution, or even
intercalation into the major or minor groove of DNA, greater control over aggregate
structures and properties (e.g., spacing, orientation, and subsequent coupling strength)
is desirable. Templating dye aggregates via covalent attachment to the DNA backbone
provides a novel means by which to more precisely control aggregate structure. Despite
the fact that the static electronic structure of DNA-templated dye aggregates has been
studied in some detail, there is a paucity of studies that directly probe their excited-state
dynamics. While accelerated lifetimes have been reported in some recent studies of DNAtemplated dye aggregates, the predominant mechanism of decay remains unclear. In this
talk, we describe how nonradiative decay governs exciton lifetimes in DNA-templated
constructs of strongly-coupled cyanine 5 (Cy5) dye aggregates. In particular, we have
employed simple DNA duplex strands and Holliday junctions to create a variety of
oligomeric dye aggregate structures with interesting optical properties indicative of strong
excitonic coupling [1,2]. Steady-state and time-resolved (time correlated single photon
counting, TCSPC) fluorescence measurements suggest and confirm, respectively, that
nonradiative decay is the primary decay pathway in these DNA-templated cyanine
aggregates [3]. Femtosecond transient absorption measurements quantify the singlet
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exciton lifetimes, which are on the order of tens to hundreds of picoseconds for the
aggregates (Figure 1). In addition, the results indicate that nonradiative decay in the form
of internal conversion contributes 99.5 and 99.9% to the overall decay in J- and H-type
aggregates, respectively [3]. These results imply that suppressing or eliminating
nonradiative decay channels in DNA-templated dye aggregates is essential for their use
in optoelectronic applications.

Figure 1. Excited state lifetime decreases by several orders of magnitude for stronglycoupled DNA-templated cyanine 5 (Cy5) dye aggregates relative to that of the monomeric
dye covalently bound to DNA due to enhanced nonradiative decay via internal conversion
in the aggregates. Figure adapted from [3].
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The use of DNA as a scaffold for controlled assembly of dye aggregates is a promising
technique for future artificial light harvesting, optoelectronic, and quantum computing
device fabrication. Using a combination of steady-state fluorescence, time correlated
single photon counting, and ultrafast transient absorption spectroscopy, we have found
that exciton lifetimes in J- and H-aggregates of cyanine 5 (Cy5) dyes formed via covalent
attachment of the dyes to DNA templates (in particular, double stranded DNA and
Holliday junctions) are governed by nonradiative decay [1]. Here we describe additional
detailed optical characterization of the structures present in these DNA-templated dye
aggregate solutions, as well as quantitative analysis of the excited state dynamics of
these structures. While fluorescence is suppressed in the J- and H-aggregates due to
enhanced nonradiative relaxation, fluorescence excitation spectroscopy shows that even
after purification via gel electrophoresis there exists a low concentration, but highly
emissive, subpopulation of species in both the J- and H-aggregate solutions. We have
identified this bright subpopulation as “optical monomers” (i.e., weakly coupled dyes), and
in the case of the J-aggregates, have developed an approach to extract the emission
spectrum of the weakly fluorescent J-aggregate species from the overall solution
emission spectrum (Figure 1). This analysis also provides quantitative and mechanistic
insight into the accelerated lifetimes observed for these DNA-templated dye aggregates.
In particular, the expected lifetime of the J-aggregates in the absence of increased
nonradiative decay upon aggregation was derived for the limiting cases of either lack of
or complete superradiance, then compared to the experimentally measured lifetime
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(Figure 2). These results confirmed that nonradiative decay is the predominant decay
pathway in these structures, accounting for 99.5% and 99.9% of the total decay rate for
the J- and H-aggregates, respectively.

Figure 1. UV-vis absorbance spectra of cyanine 5 (Cy5) dyes covalently attached to DNA
templates with associated fluorescence spectra for the monomer and J-dimer species.
Figure adapted from [1].

Figure 2. Predicted (complete superradiance case, i.e., N = 2) versus measured
fluorescence decays for the ground state recovery of the excited Cy5 J-dimer. Figure
adapted from [1].
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Detection of single molecules represents the ultimate sensitivity one can achieve in a
diagnostic assay. While fluorescence is the method of choice for numerous diagnostic
applications, the utilization of single-molecule fluorescence detection to the fields of
medical diagnostics and point-of-care sensing is still limited by the number of photons
that can be detected from a single fluorescent label. Often the single-molecule approach
is limited to expensive and elaborate optical setups that are required to observe a single
molecule. One strategy to bridge this gap relies on physical fluorescence signal
amplification by plasmonic nanostructures that can act as optical nanoantennas
concentrating the incident excitation light into zeptoliter volumes and enhancing the
photon stream of single fluorescent molecules.1-2 In this contribution we describe our
recent progress in development of such self-assembled DNA origami nanoantennas that
could be used for point-of-care diagnostics.3-5 Exploiting the unique positioning precision
and addressability of DNA origami,6 we designed plasmonic nanoantennas with
diagnostic assays incorporated directly in the plasmonic hotspots of gold and silver
nanoantennas (Figure 1a, right). To this end, we designed a two-pillar shaped DNA
origami structure (Figure 1a, left), which not only provides high fluorescence
enhancement but also an accessibility to the hotspot region required for single-molecule
diagnostic applications. Single-molecule fluorescence enhancements reaching few
hundred folds could be achieved using DNA nanoantennas composed of this DNA
origami structure and 100 nm silver or 100 nm gold nanoparticles (Figure 1b). This signal
amplification provided by plasmonic DNA nanoantennas allowed us to achieve single
molecule detection with a smartphone camera. We designed a home-build, portable and
battery-driven smartphone device capable of detecting single fluorescent dyes when
placed in the hotspot of plasmonic silver nanoantennas (Figure 1 c and d). We used this
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portable device to carry out a diagnostic sandwich assay for the detection of DNA specific
to antiobiotic-resistant Klebsiella pneumoniae (fragment of the Oxa-48 gene).7

Figure 1. a) Sketch of DNA nanoantenna utilized for fluorescence amplification (left) and
DNA origami nanostructure used for DNA nanoantenna assembly (right); b) Fluorescence
enhancement histograms obtained for ATTO647N dye when placed in monomer and
dimer nanoantennas composed of 100 nm gold and 100 nm silver nanoparticles; c)
Portable smartphone device for single-molecule detection; d) Examples of singlemolecule fluorescence trajectories of Alexa Fluor647 used for detection of DNA specific
to antibiotic-resistant Klebsiella pneumoniae and recorded on a portable smartphone
device.
References:
1.
2.
3.
4.
5.
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Origami Arrays Supporting Analog and Digital Sensing

David Neff*, Sanaz Jafarvand*, Nathan Shin*, Masudur Rahman+, William Patterson+
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Origami platforms provide one of the very few methods for high resolution placement of
single molecules. Such placement precision has been shown to be useful for the
representation of multiple single molecule recognition events in the form of nanoscopic
patterns. Regardless of the readout method (AFM vs Optical), the appearance of data
in a prescribed pattern can be used as a differentiator against nonspecific, adventitious
signals (noise or clutter) which are unlikely to mimic the intended pattern. For optical
reporting Abbe’s law may set constraints on the density of sensor sites useful in pattern
production. Several examples of Origami based platforms developed to span the size
scale representing a crossover from analog to digital sensing domains are provided.
The application of structures topographically chiral in two dimensions to gain insight into
photonic and mechanical properties of reporters is also presented.

AFM image of multiple copies of an origami platform which is chiral in two dimensions.
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A multiscale approach to the analysis of structured DNA assemblies at
the molecular resolution
Jae Young Lee1, Jae Gyung Lee1, and Do-Nyun Kim*1
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Structural DNA nanotechnology has enabled the construction of scalable and complex
objects through self-assembly of complementary sequences. Demand for a more efficient
computational approach to analyzing and designing DNA nanostructures keeps
increasing as a result. Here, we present a multiscale strategy for modeling and analyzing
structured DNA assemblies that allow the rapid prediction of their shape and properties
with base-level precision. First, the equilibrium geometry and mechanical properties of
local structural motifs classified according to connectivity between bases or base-pairs
were characterized through molecular dynamics simulations. Second, coarse-grained
structural models were developed to describe these mechanical characteristics accurately.
Those for electrostatic repulsive forces between helices were also developed. Finally, the
equilibrium shape and derived properties were obtained by constructing the global
stiffness matrix of the entire structure in the finite element analysis framework. The validity
of the proposed method has been tested via comprehensive example designs.

This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (Ministry of Science and ICT) (No. NRF2019R1A2C4069541 and NRF-2017M3D1A1039422).
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Overcoming convergence issues in predicting the three-dimensional
shape of DNA origami structures through partition and relocation
strategy
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As structural DNA nanotechnology for constructing sophisticated three-dimensional
structures has advanced considerably over recent years, computational methods to
predict the shape of DNA origami structures more accurately and efficiently become
important [1-3]. The expected final shape of a DNA origami design can be very different
from its initial configuration particularly when highly curved and/or twisted parts exist as it
is often designed on a lattice for convenience [4]. As a result, the solution procedure for
shape prediction may suffer from convergence issues such as non- or slowly-converging
calculation steps and converging to a wrong configuration. To overcome these
convergence problems, we developed an algorithm to automatically partition the original
DNA origami design into multiple sub-structures connected to one another and relocate
them in 3D space. Relocated positions are determined such that sub-structures would not
(or hardly) be tangled or overlapped during analysis steps. We could obtained the threedimensional shape of several DNA origami structures correctly without any convergence
problem.

This work was supported by the National Research Foundation of Korea (NRF) grants
funded by the Korea government (Ministry of Science and ICT) (NRF2019R1A2C4069541 and NRF-2017M3D1A1039422).
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A versatile robust framework for automating design of multi-component DNA
nanostructures
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Structural DNA nanotechnology1 utilizes programmable properties of DNA to construct nanodevices for a range of applications in science and technology. Currently, design tools for these
DNA nanostructures rely largely on a bottom-up manual approach2 where challenges with the
routing process limits the number of components, or top-down automated approaches3,4 that are
limited to selected types of static geometries. Mimicking modern computer-aided-design (CAD)
of mechanical assemblies with multi-components, we developed a new design software that
combines the benefits of both bottom-up and top-down approaches into a versatile framework
that automates design of multi-component DNA nanostructures with complex geometries,
selected mobility (static or dynamic) and a large size based on incorporation of multiple scaffolds.
We call this software Multi-component Assembly in a Graphical user Interface guided by
Computation for DNA self-assembly (MagicDNA). Enabled by several computational algorithms
and graphical user interfaces, the proposed framework also enables feedback from coarsegrained molecular dynamics simulations to facilitate rapid design iteration for complex structures.
Fig. 1 details the workflow for our design process in the MagicDNA software. We validated the
capabilities and robustness of the framework through design and fabrication of several DNA
assemblies. One example is shown at the bottom right of Fig. 1D.
Fig. 1. Schematic of the
proposed design framework for
multi-component DNA origami
structures. (A) Top-down line
modeling for specifying the
geometry. By defining the crosssection of each line, a cylinder
model composed of multiple
bundles is created. A cylinder
model can be saved into part
library individually or in a group
for use in future designs. (B) In
the assembly process, each
bundle can be subjected to
translate or rotate in 3D space.
After specifying the connectivity
between bundles, the mechanism is assembled with single-stranded scaffold connections. (C) Automatic routing
algorithms search the strand routings for both multi-scaffold and staple. (D) Visualization of the design as both 2D and
3D diagrams and two-way interface with the caDNAno software for fine tuning. (E) Simulation of the design profile
before fabrication to examine the routings, including generating the topology and configuration files of the coarsegrained oxDNA model and analysis of the trajectory file. (F) After iterative optimization, export a list of staple sequence
and further experimental validation.
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DNA nanotechnology as a field has demonstrated the capability of making almost any
desired shape of interest. For the field to reach its full potential there is a requirement to
make it accessible to the larger scientific community and thus a need for automation.
Although there have been a few developments in this regard, there has not yet been an
automated tool to make smooth curvature based closed DNA origami nanostructures
(herein termed as DNA capsules). In this work, we present the software-automated
design of various axially symmetric geometrical shapes which we thereafter tested
extensively via experiments. Folding staple sequences were automatically generated for
these hollow shell DNA origami capsules. The software developed also takes into
account various design parameters such as crossover positions, nucleation sites and
strand routing paths. The formation of DNA nanostructures based on these generated
sequences were then validated experimentally. These experiments helped us in
readjusting certain parameters in the process of automation. During this process, we
realized that certain structures did not form very well when they were single layered,
however, they jumped in yield and formation intactness when they were multi-layered.
In this work, a few experimental demonstrations of this new design strategy has been
validated through some example shapes like cone, mushroom and dumbbell, wherein
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the single layered structure had either poor yield or bad structural integrity, but when
they were multi-layered the formation capability increased.

(B)

(A)

(C)

(E))

(D)

Figure. 1. The design process of software. (A) The 3D model is sampled to (B) generate a custom
circular mesh. Each mesh line is regarded as a DNA helix and helical geometric properties are
applied. A network of crossovers and nicks are systematically applied to (C) produce staples
within a certain length range (30-60), which can be (E) used to simulate and thereafter synthesize
the DNA nanostructure.
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Figure 1. Bioconjugation scheme of DB-TPP linker onto a protein model followed by
glutathione disulfide exchange
Improving intracellular protein delivery can be the next best thing in curing protein-related
diseases, because proteins serve a wide range of functions, such as: catalyzing
reactions, transport and storage of molecules and gene expression regulation. These
processes are affected by misfolding or mutations of proteins, often leading to diseases
such as: diabetes, cancer, or neurodegenerative diseases.1 Therefore, there is an
essential need to deliver therapeutic proteins into the cell. The size, charge, and polarity
of proteins along with their hydrophilic nature makes their delivery challenging. A number
of approaches have been used to overcome these limitations, and from cell-penetrating
peptides (CPPs)4 and liposomes6 to nanoparticles5, they all have a common goal of
delivering outside cargo into the cell. However, they suffer from lysosomal degradation,
premature leakage, and low dosage concentration of delivered protein to the target site
respectively. In this work, we address this therapeutic challenge by modifying the surface
of a protein of interest and render it able to cross the cell membrane.
When designing an effective protein delivery system, we took advantage of the cysteine
residues on the surface of a protein and their ability to perform bioconjugation reactions
through disulfide bonds.2 Disulfide bonds can be reduced to free thiols followed by
conjugation onto a lipophilic cation that will help the protein perform endosomal escape.
Once in the cytosol, glutathione will cleave the linker and restore the protein its original
bioavailability and functionality.3 This system provides intracellular protein delivery by the
means of a glutathione-sensitive cleavable linker. Bacteriophage Qβ is the model used,
a 28 nm icosahedral nanoparticle, with 180 solvent exposed disulfide groups that can
form hexametric and pentameric subunits by linking five or six monomers. Qβ is the
protein of choice, because it can account for both large and small sized proteins. 7 The
idea behind this is to modify a Dibromomaleimide (DB) molecule by attaching a nontoxic
lipophilic positively charged compound, Triphenylphosphine (TPP), to it then conjugate
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the linker to Qβ. This modified linker can utilize the reversible nature of the disulfide bonds
on the surface of Qβ. Due to TPP’s positive lipophilic character, the linker aided the carrier
in overcoming endosomal escape and delivered Qβ safely inside the cell. Conceivably,
once in the cytosol, the protein encountered a sulfur-rich environment due to relatively
high concentration of glutathione. This caused a disulfide exchange to take place and
cleaved the glutathione-sensitive linker, allowing Qβ to regain its individual characteristics
of biological activity, biodistribution, and metabolism.
Consequently, efficient bioconjugation of DB-TPP to the protein model Qβ is the means
by which any protein rich in disulfide bonds can help the protein perform endosomal
escape and get delivered safely into the cytosol.
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Cancer Treatment and Metastasis Inhibition.
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Cancer is one of the leading causes of death in the world despite recent advances in
therapeutic strategies still there is a substantial number of patients are confronted with
disease recurrence and low survival rates. The main reason for the insufficient therapeutic
efficacy is an inability to fully eliminate cancer cells in a tumor environment and eradicate
metastases at distant sites.1 Therefore, there is a need for an approach to not only destroy
solid tumors selectively but also eliminate disseminated and metastatic lesions
simultaneously. One way to reach this approach is combining available therapeutic
strategies such as immunotherapy and photothermal therapy to capitalize on the
advantages of both methods and amplify the treatment efficacy compared to either
immunotherapy or photothermal therapy alone.2 In this work we took advantage of virus
like particles (VLPs) unique properties such as ease of synthesis, functionalization ability,
and most importantly their immunogenicity to introduce a novel in situ photoimmunotherapy agent to successfully suppress primary breast cancer tumor in BALB/c
mice bearing a highly metastasis 4T1 tumor, prolong survival time and reduce metastases
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in distant sites. For this purpose, we used the VLP, Qβ, as an immunogenic agent as
well as a multivalent scaffold for the attachment of a NIR dye (croconium). After the
conjugation of croconium (croc) dye, Qβ has been able to act as a NIR-triggered mediator
and convert light energy into heat, causing cell ablation by hyperthermia and heat stress
activated inflammatory signals. Also, Qβ by itself can work as an immunoadjuvant, owing
to its encapsulated bacterial RNA, and pathogen associated molecular pattern to further
enhance antigen presenting cells activation to amplify the subsequent immune response. 3
In the experiments, intratumoral administration of Qβ-croc followed by laser radiation
could apply the synergistic effect of PTT and immunotherapy that resulted a higher tumor
suppression on the treated tumor-bearing mice and effective lung metastasis prevention
by inducing long-term anti-tumor immunity.
References:
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new perspectives on an old problem. Mol Cancer 2011, 10, 22-22.
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DNA and peptides are two of the most commonly used biomolecules for building
self-assembling materials, but few examples exist of hybrid nanostructures that contain
both components. In the past three decades, DNA has been the forefront the most useful

Figure 1. Overview of strategy for assembling DNA origami with coiled-coils. A) Site-specific functionalization of two
peptides comprising a coiled-coil with DNA. Mixing the two peptide-DNA conjugates yields a self-assembling coiled-coil with
two orthogonal oligonucleotide handles. B) Assembling a DNA origami structure (e.g. a cuboid) with multiple ssDNA handles
into 1D nanofibers driven by the coiled-coil bearing complementary handles. C) Agarose gel electrophoresis analysis of assembly.
Lane M: dsDNA ladder; 1: M13 scaffold; 2: cuboid with A* and B* following purification. D-E) AFM and TEM images of cuboid
nanofibers assembled by coiled-coil interactions.
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building blocks for self-assembled materials due to the programmable nature of WatsonCrick pairing. This has led to a wealth of complex, anisotropic, and highly functional with
programmable and dynamic properties. Polypeptides, by contrast, have the advantage of
greater chemical diversity made available through the twenty canonical amino acids, and
a huge range of synthetic non-canonical amino acids if solid-phase synthesis is used.
Peptides also possess multiple structural motifs (e.g. α-helices, β-sheets) and selfassembly modes (e.g. coiled-coils, collagen triple helices) that impart unique functional
and mechanical properties. The unification of these two separate materials into one selfassembling system offers an untapped well of opportunities utilizing the structural
characteristics of DNA well imparting new functionality and chemical diversity with the
polypeptides.
Herein, we report the synthesis by and use of coiled-coil peptide-DNA conjugates
to link together DNA origami structures bearing complementary strands, and to generate
one-dimensional (1D) supramolecular polymers. Our design relies on chemically
modifying each peptide of a heterodimer coiled-coil pair with a short DNA strand, resulting
in a self-assembled core with two addressable handles (Figure 1A). These handles were
then used to link together a DNA origami cuboid bearing a tunable number of
complementary handles at its two ends. We demonstrate the formation of nanofibers
consisting of rigid origami units linked by multiple coiled-coil pairs (Figure 1B). These
fibers were analyzed by agarose gel electrophoresis, atomic force microscopy, and
transmission electron microscopy (Figure 1C-E) with the longest fibers consisting of
almost 80 origami units and exceeding three micrometers in length. By spatially confining
multiple coiled-coils on the DNA cuboids, we effectively create a polypeptide-based
interface between origami structures, akin to protein-protein interactions. We probed the
effect of peptide multivalency on the efficiency of nanofiber assembly, and explored
multiple self-assembly pathways: one-pot vs. sequential annealing, hierarchical formation
of dimer and trimer structures as well as alternating copolymers, and linking of purified
origami with coiled-coils. Taken together, our results show that peptide-DNA conjugates
can be used to create hierarchical nanomaterials that integrate more than one selfassembly “mode” to create biomolecular scaffold in a controlled and programmable
fashion.
References
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Cyclic Cisoid Diamides (CCD) are simple building block with two cis-diamides that
can form up to four hydrogen bonds. CCD contains a non-planar 8-membered ring which
allows two phenylene groups to be close to 90° to each other. Such structural feature
provides opportunities to design tetrameric macrocycles with CCD groups on the corners.
In addition, CCD has planar chirality, that commonly racemizes in room temperature.
Here, we will utilize CCD as a building block for macrocyclic compounds that selfassemble into framework architectures.

Figure. (a) Two Configurations of CCD; (b) Zigzag Chains in the CCD Single Crystals.
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Nitrones are commonly used as a source of 1,3-dipole for [3+2] cycloadditions. Nitrones
are easily prepared by condensation between aldehydes and hydroxyl amines in a
reversible (dynamic) process. Furthermore, we recognized that the nitrone C–H groups
are significantly polarized due to the neighboring electronegative atoms and the positive
formal charge on the nitrogen. In fact, there were a handful of crystallographic precedence
of nitrone C–H groups forming hydrogen bonds in solid state. Therefore, we hypothesized
that nitrone C–H groups can serve as hydrogen bond donors for binding anions. Here,
we discuss nitrone-based anion receptors that are synthesized via dynamic covalent
chemistry.

Figure. Preparation of a nitrone-based anion receptor.
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Tunable, orthogonal, reversible, and covalent (TORC) chemistries provide a
hierarchical approach to many biological applications, such as directed assembly,
templated reactions, and biomaterial platforms. In terms of biomaterial platforms,
viscoelastic hydrogels have shown promise as powerful tools for such biological
applications as injectable drug delivery or cell culture. Reversible covalent crosslinks
provide a useful approach to achieve these viscoelastic hydrogels due to their high
mechanical stability and tunability. Little work, however, has been done to investigate how
the kinetics of reversible covalent crosslinks influences the resulting hydrogel mechanical
properties. Gelation rate, plateau modulus, and stress relaxation are three key
mechanical characteristics that are substantially controlled through crosslinking kinetics.
This work answers those questions by investigating a pair of thia-conjugate addition
reactions with different electron withdrawing strengths (nitrile and hydrogen) at the
reaction site, and connects these to their hydrogel mechanical properties when used as
a crosslinker.
Reversible thia-conjugate addition (also known as a Michael type reaction) allows for
facile study of the connection between kinetics and mechanics. Normally requiring high
temperature for reversibility, the addition of an electron withdrawing group at the α site of
an α,β-unsaturated carbonyl allows the reverse reaction to proceed at physiological
conditions. An additional substitution of an aromatic ring at the β site provides an easily
tunable chemical substituent in order to vary the kinetics of the reaction. The mechanism
for this reaction is shown in Figure 1.The forward reaction relies on a deprotonated thiol
adding to the β carbon, while the reverse reaction relies on deprotonation of the α carbon.

Figure 1. The reaction mechanism for thia-conjugate addition reaction. The squiggly lines represent polymer backbones that will
create the foundation of the hydrogel. Both the forward and reverse rate rely on deprotonation of either the attacking thiol or α
carbon. This demonstrates the strong dependence this reaction has on pH.

Results of this study show that certain kinetic effects play larger roles in the
mechanical properties than others. The nitrile group at the R position leads to a 19 fold
increase the forward rate constant and only about a 6 fold increase in the reverse rate
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constant. The reverse reaction rate is the primary influencer of stress relaxation in the
hydrogels, while the equilibrium of the reaction is the primary influencer of the plateau
modulus. This is confirmed through a frequency sweep on a rheometer, where the plateau
modulus shows strong correlation to the equilibrium of the reaction, while the crossover
point demonstrates a stronger dependence on the reverse reaction rate. Additionally,
since the crosslinks are reversible, this material displays self-healing properties. Two
hydrogels were cut in half and the halves were rejoined. The rejoined hydrogel
demonstrated recovery of mechanical properties within a minute. This research helps
further elucidate the effects that crosslinking kinetics have on hydrogel mechanical
properties, and the reversible thia-conjugate addition is a tunable platform for viscoelastic
hydrogels. This knowledge of TORC based chemistries can also be more broadly applied
to a host of biological applications, where dynamic systems are garnering increased
interest.
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Monitoring the changes of distribution and dynamics in cellular metabolites and signaling
molecules is crucial for understanding cellular physiologies, metabolite and signal
transduction pathways. For example, one of the signaling molecule called bis- ƍ-ƍ -cyclic
dimeric guanosine monophosphate (c-di-GMP) is participated in the biofilm formation.
Antibiotics such as tetracycline is used in clinical treatment, but is facing the challenge of
antibiotic resistant. There is an urgent need to develop real-time quantitative sensor to
better understand these signaling and resistance pathways. Genetically encoded RNAbased sensors are powerful tools for detecting various target molecules in living cells.
However, it is still challenging to precisely determine the intracellular concentration of
target molecules using traditional single-fluorescent-RNA sensors due to the variations in
the cell distribution or expression of the RNA sensor. To achieve this goal, we have
recently developed a novel type of ratiometric RNA-based sensors using an orthogonal
pair of RNA/fluorophore conjugates, DNB/SR-DN (Ȝex/Ȝem, ~571/591 nm) and
Broccoli/DFHBI-1T (Ȝex/Ȝem, ~480/503 nm). Fluorescence of sulforhodamine B (SR) was
quenched by a quencher called dinitroaniline (DN) by contact quenching mechanism.
Upon binding with a dinitroaniline-specific DNB RNA aptamer, the spatial separation of
the SR and DN will recover the fluorescence signal of SR dye. By fusing with a small
molecule binding RNA aptamer to the DNB RNA through a transducer sequence, an RNA
sensor can be developed specific for the target molecule. Upon the presence of target
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molecule, the RNA sensor can be turned on and provide high fluorescence signal. By coexpressing this DNB sensor with the internal reference, Broccoli, on a same F30 scaffold,
we have achieved a ratiometric sensor system that can normalize the RNA expression
level from cell-to-cell (Fig. 1a). Herein, cellular DNB-to-Broccoli fluorescence intensity
ratio can be directly applied to quantify the target concentrations at the single-cell level.
Unfortunately, due to the instability of the SR-DN dye, this ratiometric sensor was difficult
to monitor the target dynamics. It is known that dinitroaniline is a universal quencher for
varieties of dyes including SR and tetramethylrhodamine (TMR). We realized that TMRDN (Ȝex/Ȝem, ~555/582 nm) is much more stable compare to SR-DN. By simply replacing
the SR-DN with TMR-DN dye, we have further demonstrated second generation of a
stable Broccoli/DFHBI-1T and DNB/TMR-DN detection system. This stable monitoring
system had been used for dynamic monitoring of tetracycline in the cells (Fig. 1b). We
believe these advanced genetically encoded ratiometric sensors can be widely utilized
for intracellular studies of various small molecules.

Figure 1. Schematic of ratiometric sensor and dynamic imaging of tetracycline in the cells.
(a) Schematic of the ratiometric sensor that comprises an F30 scaffold (black), a Broccoli
(green) and a DNB-based sensor.

The DNB-based sensor is composed of a DNB (red),

a target-binding aptamer (blue) and a transducer (gray). Target binding to the aptamer
(blue) stabilizes the transducer, enabling DNB to fold and activate the fluorescence of SRDN or TMR-DN. (b) Monitoring tetracycline accumulation dynamics in live BL21 (DE3)*
cells after adding 500 ȝM tetracycline at 0 min.

DNB sensor channel (red), Broccoli

channel (green) and DNB-to-Broccoli (R/G) ratiometric images were shown. Scale bar, 5
ȝm.
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With high sensitivity and low detection limit, in situ amplification methods such as
hybridization chain reaction (HCR) and HCR based fluorescence in situ hybridization
(HCR-FISH), have emerged as a powerful technique for measuring the cellular
concentration and subcellular location of target biomolecules. However, these techniques
are still suffering from challenges including difficulties in the probe delivery, enzymatic
degradations, and potential biosafety risks. Genetically encoded RNA sensors emerge as
valuable tools for detecting target molecules in living cells, but it remains a challenge for
imaging and spatial tracking low-abundance targets, especially in mammalian cells. We
report here an IN SItu Genetic Hybridization Amplification Technique, termed INSIGHT,
for the sensitive imaging of the subcellular distributions and locations of RNA targets in
living cells. The INSIGHT design is based on a combination of fluorogenic RNA reporters
with RNA-based HCR. The RNA Broccoli was split into two non-fluorescent fragments
and separately conjugated to the end of H1 and H2 hairpins. In the absence of initiator
RNAs, H1 and H2 coexisted under a metastable state and two fragments of Broccoli
cannot be spontaneously hybridized to generate fluorescence. Upon the addition of an
initiator RNA, the H1 hairpin will be opened and expose a sequence that can invade and
hybridize with the H2 hairpin. A cascaded hybridization between these two hairpins was
then initiated and induced the reassembly of a chain of Broccoli to activate an amplified
fluorescence signal (Figure 1a). Importantly, the generated chain of Broccoli will be
associated with the initiator strand, which can be used for the cellular tracking. By further
introducing an RNA molecular beacon, we developed a modular INSIGHT system to
image different RNA targets (Figure 1b). The loop sequence of the molecular beacon
can be changed to hybridize with different RNA targets. These molecular beacons also
contained a conserved stem region. Part of the initiator strand was blocked in this stem.
Target binding induced the dehybridization of the stem, activated the initiator RNA, which
further induced a cascaded hybridization between H1 and H2. As a result, the same
sequence of H1 and H2 can be used to detect various RNA targets. By simply changing
the loop region of a molecular beacon, the INSIGHT system has been conveniently
designed for the detection and subcellular location imaging of SgrS and bglF RNA targets
in bacterial cells (Figure 1c) and survivin mRNA in mammalian cells (Figure 1d). We
believe this modularly in situ genetical hybridization amplification technique will provide
an effective and versatile platform for sensing and tracking various analytes in living cells.
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Figure 1. (a) Schematic of the genetically encoded in situ amplification system. After the
cellular transcription of the H1 and H2 strands (blue) from a delivered vector, the binding
of initiator RNA (red) triggered the cascaded H1/H2 hybridization to reassemble the
Broccoli (green) for imaging the subcellular location of the initiator strand. (b) Schematic
of a general INSIGHT platform for target RNA detection. The target RNA hybridizes with
the molecular beacon and releases an initiator strand (red) to trigger the hybridization
chain reaction between H1 and H2. (c) Imaging the subcellular location of SgrS and bglF
in bacterial cells. Confocal fluorescence imaging of cells expressing pETDuet-H1/H2 +
pCDFDuet-SgrSMB-7B or pCDFDuet-bglFMB-7B (molecular beacon that targets SgrS or
bglF), or pETDuet-Broccoli. DAPI was used to stain the nucleoid of E. coli. Scale bar, 5
μm. (d) Imaging the survivin mRNA in HeLa cells at 24 h after Lipofectamine® 3000based transfection. Images were taken in the presence of 40 μM DFHBI-1T. 5 nM YM155
(inhibitor) was added to inhibit the generation of survivin mRNA. Scale bar, 10 μm.
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DNA computing has been attracted as one of the molecular computing which can perform
massively parallel computation. However, it usually is time-consuming to detect and
decode the output information in the conventional system. We have proposed the
nanopore decoding, which can perform rapid and electrical recognition of oligonucleotides
with label-free. We here report the nanopore decoding for the output in a directed
Hamiltonian path problem (HPP). In this method, the output molecules were purified by
gel electrophoresis and passed through the nanopore to determine the correct answer.
As proof of concept, we demonstrated nanopore decoding with small graph encoding HPP.
The results showed the feasibility of nanopore decoding that can decode the output
rapidly and label-free.
In 1994, Adleman solved HPP, which is classified into NP-complete, using DNA molecules
[1]. Since then, DNA computing has been attracted as a tool for solving mathematical
problems because of its huge parallelism and low energy consumption. However, the
approach to detecting and decoding the output DNA molecules was time-consuming
because it required multiple-steps of biological operation, including repetitive magnetic
beads experiments. We have proposed a rapid and electrical decoding method using
nanopore technology for DNA computing with label-free [2-3]. In this work, based on this
technology, we attempted to demonstrate the nanopore decoding of Adleman’s parallel
DNA computations. In this approach, the output molecules were decoded by the following
steps. Step 1: Amplify the random paths generated by DNA computation as singlestranded DNA by PCR and one-side PCR. Step 2: Separate the PCR products depending
on its length by gel electrophoresis, and extract correct-length DNA encoding a route
visiting all nodes only once. Step 3: Each path strand hybridizes to the extracted DNA,
and the duplex passes through an α-hemolysin (αHL), a pore-forming protein, nanopore
with the path strands unzipping. We measure the time of ion current blockage, unzipping
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time, and sequence the Hamiltonian path by analyzing the time.

Fig. 1. (a) The scheme of nanopore decoding. (b) The result of nanopore measurement.
In this experiment, we prepared a small graph to demonstrate nanopore decoding (Fig. 1
(a)). There are 6 kinds of routes satisfying the requirement of the answer of HPP, so we
prepared the 6 types of chemically synthesized barcode-like DNA (bcDNA) which coded
each of the route. One of the routes coded the Hamiltonian path in the graph. It was
confirmed by thermodynamic simulation that each bcDNA formed duplex with each path
strand with different Gibbs free energy (ΔG). We reconstituted αHL into lipid bilayers
formed by “droplet contact method” [4] with a microfabricated device and measured the
unzipping time of the 6 kinds of routes. As a result of nanopore measurement, the
unzipping time increased with increasing of ΔG. And also, it was confirmed that the small
differences of ΔG in thermodynamic simulation can be distinguished by nanopore
measurement (Fig. 1 (b)). Then, we measured the unzipping time using the output of DNA
computation. As we expected, the result of nanopore measurement after entire computing
mostly corresponded with that of chemically synthesized bcDNA which coded the
Hamiltonian path in the graph. Our data suggested that nanopore technology can be
applied to DNA-based parallel computation as a decoding method.
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DNA mechanotechnology1, which consists of DNA-based devices that are
engineered to sense, transmit, and generate mechanical forces, has recently emerged at
the intersection of DNA nanotechnology and single molecule biophysics. These DNAbased mechanical devices have fundamentally changed the manner in which biologists
study mechanical forces at the nanoscale and have opened new avenues for the design
of force-generating nanomaterials1.
A forefront of DNA mechanotechnology research is the development of synthetic
machines that convert chemical energy associated with duplex hybridization to
mechanical work. Such synthetic motors could perform engineered functions similar to
those performed by motor proteins such as kinesin, myosin, and dynein. DNA walkers2,
which “walk” along linear or planar tracks via burnt-bridge hybridization interactions, are
perhaps the most promising synthetic analogs of such molecular motors. DNA walkers
can precisely transport nanoscale cargo but cannot generate piconewton-scale force.
This primary function of motor proteins
is necessary for countless processes
including muscle contraction, clotting,
immune sensation, embryogenesis,
and mechanosensation. We present
progress towards the design of forcegenerating nanomachines by showing
that highly polyvalent DNA motors
(HPDMs) generate 100+ piconewtons
of force via a mechanism that we term
autochemophoresis3.
HPDMs
are
DNA-coated
microparticles that connect to planar
RNA-functionalized surfaces via DNAFigure 1: a) HPDMs translocate
via burnt bridge interactions
RNA
hybridization4
(Fig.
1a).
between DNA “feet” and RNA
Ribonuclease H enables translocation
“fuel”. b) As the HPDM
by cleaving the RNA-DNA duplexes,
translocates it consumes fuel,
resulting in an RNA depletion track in
leaving a “depletion track”.
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Figure 2: a) Cartoon depiction of process used to measure force generation. Biotin-capped
strands on the HPDM and underlying surface both bind to a single streptavidin molecule. In order
for HPDM translocation to occur, the HPDM must generate mechanical force that is sufficient to
rupture the biotin streptavidin bond – on the order of 50-150 pN. b) Single molecule imaging of
fluorescent streptavidin reveals the occasional deposition of streptavidin within depletion tracks,
thus suggesting that HPDMs generate enough force to rupture the biotin-streptavidin bond.

the HPDM's wake (Fig. 1b). Translocating for hours at micron/minute speeds, HPDMs are
the fastest, most processive DNA-based motors reported to date4. To test HPDMs’ force
generation capability we designed a single molecule fluorescence microscopy experiment
which enables direct visualization of mechanically-ruptured molecular bonds.
Surprisingly, we found that HPDMs generate forces that mechanically rupture 25 basepair
DNA duplexes and biotin-streptavidin bonds (Fig. 2), which is often considered one of the
strongest noncovalent bonds found in nature with a 100+ pN force threshold.
HPDMs lack directed tracks and conformational switching such as ATP-fueled
powerstrokes, thus underscoring the novelty of this result. Our study shows that the DNA
strands in massively parallel DNA walker-type motors will spontaneously coordinate to
generate summative forces. To study this fundamental mechanism of force-generation,
we developed a simulation method that accurately reproduces most properties of HPDM
motion via direct modeling of the distance-dependent biophysics of DNA-RNA
interactions. These simulations highlight the mechanism of HPDM force generation and
demonstrate that motion is driven by autochemophoresis, which has been observed in
biological systems5-7. Our work supports the hypothesis that autochemophoresis may be
a third fundamental method of force generation in molecular motors and living systems.
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The past decade has seen an increasing number of investigations into enhanced
diffusion of catalytically active enzymes [1]. These studies suggested that enzymes are
actively propelled as they catalyze reactions or bind with ligands (e.g., substrates or
inhibitors). In this Outlook, we chronologically summarize and discuss the experimental
observations and theoretical interpretations and emphasize the potential contradictions
in these efforts. We point out that the existing multimeric forms of enzymes or isozymes
may cause artifacts in measurements and that the conformational changes upon
substrate binding are usually not sufficient to give rise to a diffusion enhancement greater
than 30%. Therefore, more rigorous experiments and a more comprehensive theory are
urgently needed to quantitatively validate and describe the enhanced enzyme diffusion.
We utilized dynamic light scattering (DLS) to measure the diffusion coefficient of
aldolase in the absence and presence of its substrate [2]. The DLS measurements have
an experimental error of 3% and do not find a statistically significant change of the
aldolase diffusion coefficient even at a saturating substrate concentration. This finding
lends support to the contention that photophysical artifacts may have affected the prior
FCS measurements and challenges the idea that enzymes can be self-propelled by their
catalytic activity.
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otility of micro-organisms in low Reynolds number relies on diﬀerent physical principles than
large-scale objects in high Reynolds number. An example of this in biological system is found
in bacteria ﬂagella that allows non-reciprocal motion by a rotating motion along its center-line axis.
These physical principles have been tested by de novo engineering of artiﬁcial ﬂagella by subjecting
helical microstructures magnetic bead chimeras in a magnetic ﬁeld.1, 2 Despite the observed ﬂagellalike, the presence of the relatively-large magnetic bead is expected to perturb the ﬂuid ﬂow near the
helical microstructures. Here, we report a ﬂuid mechanics study of helical SST DNA nanotubes
under inﬂuence of uniform electric ﬁeld. The electrophoresis-based setup eliminates the need for the
magnetic bead and yield a simpler hydrodynamic ﬂow near the helical microstructures.
The helical microswimmers are based on the SST DNA nanotubes design from Maier et al.3 Brieﬂy,
the nanotubes have the dimensions of ∼10 μm long with a diameter ∼1 μm with a typical length and
diameter of 8 μm and 1 μm, respectively. The helical nanotube structures 13HTs-4s are composed of
13 unique single-stranded DNA, with 3 of which tagged with Cy3B dye for light microscopy imaging.
The helical SST nanotubes are prepared by annealing in 12.5 mM MgCl2 . The helical nanotubes
were then placed inside a 1.5 cm × 0.5 cm ﬂow chamber subjected to a 30 V potential in order to
drive the nanotubes by electrophoresis. The motility was then recorded with an epi-ﬂuorescence
microscope. We measured translation and rotation speed of the helical motif by performing image
analysis from the two-dimensional microscopy images. The average translation and rotation speeds
are at 21.2 μm/s and 7.5 rad/s, respectively. We found a non-linear relationship between the
translation and rotation speeds suggesting non-trivial mechanical interactions. Demonstration of
ﬂagella motility without the necessity of attaching a relatively-large magnetic bead could lead to
a more accurately study of the interactions between helical motif and ﬂuid ﬂows in low Reynolds
number regime.

M
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