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DNA, nucleotides and nucleotides 
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RNA structure and functions 

RNA may have different functions (transfert, 
ribosomal, expression regulation, interference) 

RNA looks like DNA but: 
-single strand 
-Uracile 
-biological and chemical 
unstability 
-many different functions! 
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This is fundamental!! 

Base pairing in a DNA double helix 
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Alkaline denaturation of a 
AT rich domain 

Hypochromism: dsDNA 
has a lower extinction 
coefficient than ssDNA or 
free nucleotides 

A,T : 2 H bonds 
C, G: 3 H bonds 

thermal denaturation 

Melting of a double stranded DNA 
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Naming of a ‘direct’ strand: 
 
5 ’ AACTGGGTCAATTCCG 3 ’  
 
 
Naming of the ‘complementary’ 
st: 
 
3 ’ TTGACCCAGTTAAGGC 5 ’ ou 
5 ’ CGGAATTGACCCAGTT 3 ’ 
 
 
which is different to: 
 
5 ’ TTGACCCAGTTAAGGC 3 ’ 

base 1  

base 2  

base 3  base 1  

base 2  

base 3  

complementary strand 

5 ’ 

3 ’ 

5 ’ 

3 ’ direct strand 

How naming a double stranded DNA? 
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The central dogma in Molecular Biology 
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Gene structure and function 



Yoann Roupioz, PhD, ESONN Summer School 2018 12 

Comparison of few genome sizes 

ORGANISMES   Genome sizes  Redondance  Number of   
   (paires de bases)  (% unique copy)  genes  

VIRUS: 
SV40    5243     6 
phage l    48502     20 
phage T2    166000 
vaccinia    190000     240 
 
BACTERIA: 
mycoplasma   7.6 105 
Escherichia coli   4.7 106     3000 
 
EUCARYOTES:    
Saccharomyces cerevisiae  1.5 107  7 104  89   6800 
Dictyostelium discoideum   5.4 107   70   10000 
Arabidopsis thaliana   7.0 107     11000 
Caenorhabitis elegans   8.0 107     11000 
Drosophila melanogaster   1.4 108  1.9 104  60   13000 
Gallus domesticus   1.2 109   80 
Mus musculatus   2.7 109  1.6 104  70 
Rattus norvegicus   3.0 109 
Xenopus laevis   3.1 109  1.8 104  75 
Homo sapiens   3.3 109  1.6 104  64   25000 
Zea mays    3.9 109  2+2 105 
Nicotiana tabacum   4.8 109 
Bufo bufo    6.6 109   20 
Lilium davidii   4.0 1010   36 
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Duplication of DNA and genetic information storage 

Replication fork in mammals 
semi-replicative process 
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Gene transcription in RNA 
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Traduction of mRNA into proteins 
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Nucleic acid unstability - Darwinian origin of life 

At the very beginning (few billions years): Only 
some small organic molecules (such as urea), 
then more complex molecules: amino-acids, 
RNA then lipids, vesicles and eventually cells 
(Procaryotes) 
 
Evolution from simple systems, unicellular to 
more and more complex objects 
 
Principles of Darwinism: 
-Evolution is ineluctable 
-Natural selection generates evolution 
-Possible thanks to genetic variability 
 

Darwin argued that since offspring tend to vary slightly from their parents, mutations that 
make an organism better adapted to its environment will be encouraged and developed by 
the pressures of  natural selection, leading to the evolution of  new species differing widely 
from one another and from their common ancestors. Darwinism was later developed by 
the findings of  Mendelian genetics (see neo-Darwinian ).
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•  Molecular phylogeny builds the story of 
evolution for the living organisms 

 
•  The dogma:  
«  the closer are two living organisms, the 
closer are the sequences of their 
biomolecules (DNA, RNA and proteins).» 
 
•  Most used sequences: 
rRNA >> DNA > proteins 

Phylogenesis 

Tree of Life 
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Procaryotes (Eubacteria et Archeobacterai) vs Eucaryotes 

Eubacteria vs Archaebacteria 
Extreme conditions (temperature, high pressure, salts) 

Univellular, large variety but only few genes 
(1000-4000), fed with inorganic salts 

Unicellular or multicellular organisms 
More complex biological objects, DNA stored as 
chromosomes 
Four regna: mycetes, animals, vegetals and protists 
 

The branches of the Tree of Life 
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DNA lesions 
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... are critical issues for DNA stability over centuries, or millenium. 
 
Otherwise, DNA is a very stable compound on a « human » time scale. 
 
Then DNA can be used as a building block for « non natural » purposes 

Time and physio-chemical conditions...  



Yoann Roupioz, PhD, ESONN Summer School 2018 22 

I. DNA molecular structure and properties 
 DNA and RNA chemical structures 
 Biological functions of nucleic acids 
 DNA (un)stability 
 DNA synthesis (chemical and PCR-based) 

 
II. Design of new functionalities for DNA 

 Few words on biosensors and biochips 
 Aptamers 
 Biosensing with aptamers 
 Data storage with DNA 

 
III. DNA as a nanometric tunable object 

 Seeman’s work 
 DNA origamis, structures & design 
 DNA based origamis for sensing 
 DNA bricks 
 DNA machines 
 DNA multi-enzyme catalysts 

 
IV. Some work completed in Grenoble 

 DNA based nano-electronics 
 



Yoann Roupioz, PhD, ESONN Summer School 2018 23 11/09/18 

-short fragments (<100 bases) 
 
-RNA and DNA, and NA analogs as 
well ! All single stranded 
 
-modifications can be incorporated 
everywhere (fluorescent labeling, 
biotin, amines, carboxylic acids, 
thiols, etc) 
 
-many suppliers, cheaper and 
cheaper 
 
-quality control required 

4

3

1

2

4

3

1

2

DNA solid phase synthesis 
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DNA synthesis 
 
nucleic acids analogs 
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DNA PCR-based synthesis 

•  PCR amplifies DNA 
–  Makes lots and lots of copies of a few copies of DNA 
–  Can copy different lengths of DNA, doesn’t have to copy the 

whole length of a DNA molecule 
•  One gene 
•  Several genes 
 

•  Artificial process which imitates natural DNA replication 
 

•  Requires a DNA template and specific DNA primers 
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Routine techniques in molecular biology: NUCLEIC ACIDS 
Biological synthesis: PCR - Polymerase Chain Reaction 

-requires starting material (DNA or RNA sequence) 
-primer design needed. They are obtained by solid phase synthesis 
-fully automated, pretty affordable 
-yields double stranded DNA 
-no incorporation of modifications (except in the primers) 



Yoann Roupioz, PhD, ESONN Summer School 2018 27 11/09/18 

Routine techniques in molecular biology: NUCLEIC ACIDS 
Polymerase Chain Reaction 
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Routine techniques in molecular biology: NUCLEIC ACIDS 
Polymerase Chain Reaction 

annealing 

94ºC 94ºC 

55ºC 

72ºC 

4ºC 

3 min 1 min 

45 sec 

1 min 

∞ hold 

Initial denaturation  
of DNA 

1X 35X 1X 

extension 

denaturation 

A simple thermocycling protocol 
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Biosensors & Microarrays 
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Antibodies used as bioprobes 

 Capable of specific binding to a dedicated 
molecular structure (epitope) to 
neutralize/eliminate a pathogen 

 
 
 
 
 
 
 
 

PW= 150 kD 

•  Monoclonal vs Polyclonal 
•  Specific to a large variety 

of targets 
•  But some limitations:  

 -toxins 
 -small molecules 
 -antibody stability 
 -cost 
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Biosensor with antibodies: 
immunoassays 

 human chorionic gonadotropin  

TARGET  
PROBE 

TRANSDUCER 
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Antibody production:  
a long and expensive process! 
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Toward new ARN/DNA functionalities: aptamers 

The thrombin aptamer (aqua) forms a specific 
binding surface with the thrombin protein (blue). 
Thiel, Nature Biotechnology 22, 649 - 651 (2004)  

•  Aims at mimicking antibodies 
 
•  NA are more stable than proteins, 
they are cheaper and easier of synthesize 
 
•  Might be used against several targets  
 
•  Selection using the SELEX strategy although 

this approach remains challenging (artefact) 
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Toward new ARN/DNA functionalities: the SELEX 
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(Tasset, 1997) 

APT 1 
(Bock, 1992) 

15 bases  
KD : 2 – 200 nM 

29 bases  
KD : 0.5 – 250 nM 

Thrombin = first protein targeted for DNA aptamer recognitio 

Huang et al., Talanta, 2010   
Zhao et al., Biosens. Bioelectron., 2011   
Edwards et al., Anal. Bioanal. Chem., 2010…  
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Aptamers raised againt a targeted protein 
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Target	 Binding	affinity	(Kd)	 Year	

Adenosine	
TriPhosphate	 6	μM	 1995	

Dopamine	 700	nM	 2009	

Bisphenol	A	 8.3	nM	 2011	

Kanamycin	 78.8	nM	 2011	

Ampicillin	 9.4–13.4	nM	 2012	

Cellobiose	 600	nM	 1998	

Cholic	acid	
	 5–67.5	μM	 2000	

Examples	of	small	molecules	reported	in	the	literature	that	
have	been		confirmed	to	bind	specific	aptamers.		
M.	McKeague,	M.	DeRosa,	Journal	of	Nucleic	Acids,	vol.	2012. 

	

Small molecule detection 

•  Antibodies can hardly be raised against small molecules 
•  Aptamers may address this issue 
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TACCT GTA
CGTCTCTTGGA

:	Adénosine

5’

3’

Huizenga et al., Biochemistry, 1995.  

Lin et al., Chemistry & Biology, 1997.  

2 Adenosines 
molecules 

Adenosine 

The most famous aptamer against small targets 

27 bases  
KD : 6 µM 
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Biosensors made of DNA and gold nanoparticles 

5’
3’ TTTT TTAGAGAACCT GTA

CGTCTCTTGGA
5’

3’ TTTT TTAGAGAACCT GTA
CGTGAGATGGA

APT-ADE4 APT-ADE8 

cutAPT-ADE 
cutAPT-ADE 

grafting on gold nanoparticles 

A 
 S -T10 - AGAGAACCT GTAT 

3’ 

CGT -T10 - S      A   GAGATGGA 3’ 

APT-ADE4 

cutAPT-ADE 

CGT -T10 - S      A   CTCTTGGA 3’ 
APT-ADE8 
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Biosensors made of DNA and gold nanoparticles 

A 
 S -T10 - AGAGAACCT GTAT 

3’ 

CGT -T10 - S      A   GAGATGGA 3’ 

A 
    S -T10 - AGAGAACCT GTAT 

CGT -T10 - S      A   GAGATGGA 3’ 
3’ 

+ Adenosine 

APT-ADE4 

cutAPT-ADE 
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Biosensors made of DNA and gold nanoparticles 

A 
 S -T10 - AGAGAACCT GTAT 

3’ 

CGT -T10 - S      A   GAGATGGA 3’ 

APT-ADE4 

cutAPT-ADE 

A 
   S -T10 - AGAGAACCT GTAT 

CGT -T10 - S      A   GAGATGGA 3’ 
3’ 

+ Uridine 
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Biosensors made of DNA and gold nanoparticles 

A 
     S -T10 - AGAGAACCT GTAT 3’ 

CGT -T10 - S      A   CTCTTGGA 3’ 

A 
  S -T10 – A GAGAACCT GTAT 3’ 

CGT -T10 - S      A   CTCTTGGA 3’ 

Self-assembling at room 
temperature 

APT-ADE8 

cutAPT-ADE 
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Biosensors made of DNA and gold nanoparticles 
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Data storage using DNA 

Goldman, N. et al. Nature 494, 77–80 (2013). 

Encoding of all 154 of Shakespeare’s 
sonnets, a classic scientific paper, a 
medium-resolution colour photograph 
(JPEG 2000 format), a 26-s excerpt from 
Martin Luther King’s 1963 ‘I have a 
dream’ speech (MP3 format) and a 
Huffman code  in DNA (739 kilobytes) 
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Data storage using DNA 

In all, the five files were represented by a total of 
153,335 strings of DNA, each comprising 117 nucleotides 
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Data storage using DNA 

Synthesis of about 1.2 x107 copies of each DNA string 
Errors occurred only rarely (about 1 error per 500 bases) 
In all, the five files were represented by a total of 
153,335 strings of DNA, each comprising 117 nucleotides 
Then shipping from the USA to Germany, via the UK, resuspension, 
amplification and purification followed by sequencing at the EMBL Genomics 
Core facility 
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1 b
parity

1 b
cap

1 b
cap

x: number of bases  
for information storage

y: number of bases
for indexing

114 bases
for information storage and indexing

S: total number
of strings
required

 
Supplementary Figure 4 | Schematic representation of information encoding in DNA. 
Multiple strings are used, each comprising 117 bases of which x may be used for storing 
information and y for indexing, with x + y = 114.  
 
 
 Intuitively, we can anticipate that the relationship between S and I is not linear: as the 
amount of information increases, the number of strings required also increases; this in turn 
requires more indexing information (and thus greater y), which leaves fewer bases to store 
information in each string (thus smaller x). 
 
 Expressed in bases, the information to be stored is B = 5.07I, as we can encode 
5.07 bases/byte (see above). Since the encoding strings are 75% overlapping, the relationship 
between B and S is: 
 
 B = Sx / 4 = S(114 – ⎡ ⎤)(log3 S ) / 4 (1) 
 
This can be solved for S numerically. Fig. 2a (Main Text) illustrates the relationship of 
information stored (I) and the efficiency of encoding, measured as the proportion of bases 
synthesized (data and indexing) that are used to hold data (eff = B / 117S). Two features 
become apparent. First, the proportion of the total DNA available for encoding data decreases 
slowly, and is reasonable across the entire relevant data size range. Second, even constrained 
to 117 base-long strings, the current encoding scheme makes it possible to encode > 20 orders 
of magnitude more data than is currently practically relevant. (The theoretical limit comes 
when every base is required for indexing, and none remains to store information.)  
 
 DNA-storage costs are affected by the efficiency achieved for different information 
volumes. Current costs are about $12,400/MB (below), based on our efficiency of 
B / 117S = 0.88. Costs scale as the inverse of efficiency, and Fig. 2a (Main Text) also shows 
the cost function 12,400(0.88 / eff). 
 
 We repeated the above calculations based on longer synthesized strings. The Agilent 
OLS process can already produce 300-base oligos, with 244,000 designed strings costing 
approximately $30,000. Assuming that this would provide 217 nt strings for DNA-storage, an 
increase of 100 nt, we get twice as many available bases for 30/25 times the price. This 
would give a current cost of about $7,440/MB (= 12,400 × (30,000 / 25,000) / 2) based on an 
efficiency of 0.94 (the encoding efficiency that would be achieved repeating our experiment 
with 217 nt strings) and consequently a cost function of 7,440(0.94 / eff). Supplementary 
Fig. S5 repeats the information of Fig. 2a (Main Text), and adds the corresponding results for 
these longer strings. This shows that with achievable improvement in DNA synthesis 
technology the scalability of DNA-storage is substantially improved, with higher efficiency, 
lower cost and slower decline in efficiency and increase in cost for larger data volumes. 



Yoann Roupioz, PhD, ESONN Summer School 2018 50 

Data storage using DNA 

Goldman, N. et al. Nature 494, 77–80 (2013). 
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Supplementary Figure 1 | 
Amounts of human-designed 
information stored in DNA 
and successfully recovered. 
Information content is 
measured in bits; note the 
logarithmic scale on the y-axis. 
Blue points indicate studies not 
adapted to high-throughput data 
storage; green indicates high-
throughput methods. The grey 
point indicates that part of the 
Gibson et al. (2010) 
experiment8 that encoded 
information of non-biological 
origin. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 2 | Digital 
information encoded in DNA. a, An 
excerpt from the Watson and Crick (1953) 
paper18 (PDF format) and b, a digital 
photograph of the European Bioinformatics 
Institute (JPEG 2000 format) that were 
among the files encoded in DNA and 
successfully recovered in this study. 

 
 

b a 
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Data storage using DNA 

Goldman, N. et al. Nature 494, 77–80 (2013). 
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cipher with a standard or known key stream, leading to the DNA segments having random 
properties53.  
 
 
Timescale of DNA-storage experiment. Supplementary Fig. 9 shows the time taken for each 
stage of our DNA-storage experiment. The experiment was not optimised for speed. All 
encoding and decoding computations were performed on one core of an Intel i5-2540M 
processor running at 2.60 GHz, except for the reconstruction of full-length (117 base) oligos 
from paired-end (104 base) reads which was performed using one core of an Intel Xeon 
X5650 at 2.67GHz. In a large-scale DNA-storage archive, transfer periods could be 
eliminated by having encoding, storage and decoding taking place at one site. Both computer 
software and laboratory procedures could readily be optimised and parallelised; laboratory 
procedures could also be automated with liquid-handling robotics for high-throughput 
applications54. Both computational and laboratory equipment are subject to continual 
innovation, improving their speed. 
 
 
 

Compression

Data transfer

Sequencing with Illumina HiSeq

Postprocessing

Sample preparation Fragment clustering

Individual sample preparation

DNA synthesis

Data conversion
for DNA synthesis

Analysis

Writing

Reading

Laboratory work Transfer among sitesComputational work 1 day

15.6 days1.6 days2.1 days

Transport
US     UK

Transport
UK     DE

 

Supplementary Figure 9 | Timeline of DNA-storage experiment. We report only periods 
of active work on the experiment. We have omitted time taken to devise repairs for the file 
with two information gaps (above). 
 
 
Information storage density. We recovered 757,051 bytes of information from 337 pg of 
DNA (above), giving an information storage density of ~2.2 PB/g (= 757,051/337 � 10-12). 
We note that this information density is enough to store the US National Archives and 
Records Administration’s Electronic Records Archives’ 2011 total of ~100 TB (ref. 55) in 
< 0.05 g of DNA, the Internet Archive Wayback Machines’s 2 PB archive of web sites56 in 
~1 g of DNA, and CERN’s 80 PB CASTOR system for LHC data25 in ~35 g of DNA. 
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Data storage using DNA 

Nature  537, 22–24 , 2016 doi:10.1038/537022a 

« If information could be packaged as densely as it is in the genes of the 
bacterium Escherichia coli, the world's storage needs could be met by 
about a kilogram of DNA » 
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DNA unique self-assembling properties 
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DNA Four-ways junctions 
« Holliday junctions » 

•  These structures have been described in 1964 by Robin Holliday 
•  Key intermediate structures in many types of genetic recombination, as well as 

in double-strand break repair mechanisms 
•  Natural 4-ways junctions have a symmetrical sequence and are thus mobile, 

meaning that the four individual arms may slide through the junction 

The Holliday junction in an inverted repeat DNA
sequence: Sequence effects on the structure of
four-way junctions
Brandt F. Eichman, Jeffrey M. Vargason, Blaine H. M. Mooers, and P. Shing Ho*

Department of Biochemistry and Biophysics, ALS 2011, Oregon State University, Corvallis, OR 97331-7305

Communicated by K. E. van Holde, Oregon State University, Corvallis, OR, December 9, 1999 (received for review November 8, 1999)

Holliday junctions are important structural intermediates in recom-
bination, viral integration, and DNA repair. We present here the
single-crystal structure of the inverted repeat sequence d(CCGG-
TACCGG) as a Holliday junction at the nominal resolution of 2.1 Å.
Unlike the previous crystal structures, this DNA junction has B-DNA
arms with all standard Watson–Crick base pairs; it therefore rep-
resents the intermediate proposed by Holliday as being involved in
homologous recombination. The junction is in the stacked-X con-
formation, with two interconnected duplexes formed by coaxially
stacked arms, and is crossed at an angle of 41.4° as a right-handed
X. A sequence comparison with previous B-DNA and junction
crystal structures shows that an ACC trinucleotide forms the core
of a stable junction in this system. The 3!-C"G base pair of this ACC
core forms direct and water-mediated hydrogen bonds to the
phosphates at the crossover strands. Interactions within this core
define the conformation of the Holliday junction, including the
angle relating the stacked duplexes and how the base pairs are
stacked in the stable form of the junction.

DNA structure ! recombination

When genetic information is exchanged, e.g., during recom-
bination between homologous regions of chromosomes or

integration of viral DNA into host genomes, the DNA double
helix is disrupted. Holliday proposed that the intermediate
formed during homologous recombination is a four-way junction
(Fig. 1) (1). Similar junctions form in cruciform DNAs extruded
from inverted repeat sequences. Recently, the crystal structures
of junctions in a DNA–RNA complex (2) and in the sequence
d(CCGGGACCGG) (3) have been reported. In the first struc-
ture, the DNA"RNA arms are in the A-conformation, whereas
in the latter, two G"A mismatched base pairs sit adjacent to the
crossover between the duplexes. Here, we present the structure
of a Holliday junction in a true inverted repeat DNA sequence
d(CCGGTACCGG) in which all of the nucleotides are in B-type
helices with Watson–Crick base pairs.

Studies on synthetic four-stranded complexes and DNA cru-
ciforms show that four-way junctions can adopt either an open
extended-X or the more compact stacked-X conformations (for
a recent review, see ref. 4). In the presence of monovalent
cations, the four arms of the junction are extended into a square
planar geometry (Fig. 1) to minimize electrostatic repulsion
between phosphates. Divalent cations and polyvalent polyamines
help shield the phosphate charges (5), allowing the junction to
adopt a more compact structure with pairs of arms coaxially
stacked as duplexes (Fig. 1) and the duplexes related by !60°
(6–9). A 63° angle is estimated from atomic force microscopy
studies on arrays of such junctions (10). During recombination,
four-way junctions are resolved by enzymes to complete the
process of strand exchange between duplexes. The junctions seen
in cocrystals with the resolving enzymes RuvA (11, 12) and Cre
(13) are in the extended-X form, whereas T4 endonuclease VII
(14, 15) and T7 endonuclease I (16, 17) seem to maintain the
relationship of the stacked-X arms.

Despite repeated efforts over the years to crystallize a four-way
DNA junction, the recent crystal structures have all been seren-
dipitous. The RNA"DNA junction resulting from studies on an
RNA-cleaving DNA motif, or DNAzyme, complexed with its RNA
substrate (2) have arms that adopt an A-RNA conformation. The
sequence d(CCGGGACCGG) designed to study tandem G"A
mismatched base pairs in B-DNA also crystallized as a junction (3);
however, the structure around the junction is perturbed by the
mismatches. Thus we are left asking what is the structure of a
Holliday junction with B-DNA arms and standard base pairs.

We had designed the sequence d(CCGGTACCGG) to study
the d(TA) dinucleotide in B-DNA that is a target for the
photochemotherapeutic drug psoralen. Surprisingly, four
strands of this DNA assembled to crystallize as a four-way
junction with all Watson–Crick base pairs. We can thus examine
the detailed structure and define the nucleotides and intramo-
lecular interactions that help to stabilize the Holliday junction.

Materials and Methods
Crystallization and X-Ray Data Collection. DNA sequences were
synthesized on an Applied Biosystems DNA synthesizer and

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org {PDB ID codes 1DCW [d(CCGGTACCGG)] and 1DCV [d(CCGCTAGCGG)]}.
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§1734 solely to indicate this fact.

Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).
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Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
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DNA Four-ways junctions 
« Holliday junctions » 

•  These structures have been described in 1964 by Robin Holliday 
•  Key intermediatestructure in many types of genetic recombination, as well as in 

double-strand break repair 
•  Natural 4-ways junctions have a symmetrical sequence and are thus mobile, 

meaning that the four individual arms may slide through the junction 
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DNA six-ways junctions 

•  These structures have been designed and produced in the early 1980s by Nadrian 
Seeman, State Univ. New York 

•  Inspiration from 4-ways junctions and protein troubles for cristallography 
•  He got the initial idea while he was drinking a beer in a bar and looking at this 

painting of flying fishes… 
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Mobile Holliday junction 

J. theor. Biol. (1982) 99,237-247 

Nucleic Acid Junctions and Lattices 

NADRIAN C. SEEMAN 

Center for Biological Macromolecules, State University of New York 
at Albany, Albany, New York 12222, U.S.A. 

(Received 21 July 1981, and in revised form 29 January 1982) 

It is possible to generate sequences of oligomeric nucleic acids which will 
preferentially associate to form migrationally immobile junctions, rather 
than linear duplexes, as they usually do. These structures are predicated 
on the maximization of Watson-Crick base pairing and the lack of 
sequence symmetry customarily found in their analogs in living systems. 
Criteria are presented which oligonucleotide sequences must fulfill in order 
to yield these junction structures. The generable junctions are nexi, from 
which 3 to 8 double helices may emanate. Each junction may be treated 
as a macromolecular “valence cluster”, and the individual clusters may 
be linked together directly, or with pieces of linear DNA interspersed 
between them. This covalent linkage can be done with enormous 
specificity, using the sticky-ended ligation techniques currently employed 
in genetic engineering studies. It appears to be possible to generate 
covalently joined three-dimensional networks of nucleic acids which are 
periodic in connectivity and perhaps in space. 

Introduction 

The proposal of the complementary double helical structure for nucleic 
acids (Watson & Crick, 1953) laid th’e cornerstone of molecular genetics, 
and it dominates current thinking about these molecules, which constitute 
the genetic material of all living organisms. The pre-eminent structural 
characteristic of double helical nucleic acids is that the positions of all 
atoms in the molecule bear a well-defined relationship to a linear (although 
not necessarily straight) axis which exhibits no junctions (branch points). 
Nevertheless, conformational variability (Kim et al., 1973) and backbone 
flexibility (Sarma, 1976) permit the formation of junctions which are crucial 
to the biological role played by nucleic acids. The replicational junction, 
shown in Fig. 1, was implicit in the original Watson-Crick prbposal for the 
mechanism of DNA replication. The Holliday (1964) structure, indicated 
in Fig. 2, is a critical intermediate in genetic recombination (Broker & 
Lehman, 1971), while the Platt (1955) and Gierer (1966) cruciform struc- 
tures, closely related to the Holliday structure, may play an important role 

0022-5193/82/220237+11$03.00/0 @ 1982 Academic Press Inc. (London) Ltd. 
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FIG. 2. The recombinational junction. (a) The Holliday [ 1964) structure as originally proposed. The shaded backbones were initially paired 
; 
m 

exclusively to each other, as were the unshaded backbones. The half-arrows indicate the 5 ‘+ 3’ directions of the strands. The full headed m 
arrows indicate the axis of two-fold symmetry. The place where the strands cross is the junction. Migration of the junction corresponds to 
the movement of this point up or down. This representation is identical to that shown in (b), in which the possible four-fold backbone 
symmetry originally suggested by Emerson (1969). Broker & Lehman (1971) and Sobell (1972) is more apparent. The two-fold sequence 
symmetry is indicated by the lens-shaped object in the middle of the structure. Migration of the branch point in either direction is indicated 
by reactions I and II in the transition to (CI. The eventual end product of the repetition of reaction I is a return to the original pairing. The g 
eventual end product of the repetition of reaction II is a newly hybridized pair of double helices. \o 
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Semi-mobile and immobile Holliday junction 

240 W C‘. fFFM.4N 

this discussion is couched primarily in terms of DNA oligomeric fragments. 
all arguments should be equally applicable to nligomeric RNA fragments 
and to mixtures of RNA and DNA oligomeric fragments. 

The Construction of Immobile and Semi-mobile Junctions 

The construction of immobile junctions relies on unique base pairing 
patterns, These, in turn, are a function of the free energy of association of 
the individual strands involved. Every strand which is chosen to participate 
in the formation of an immobile junction may be considered to be composed 
of a series of overlapping segments of a given criterion length, N,. For 
example, each hexadecameric strand in the immobile junction shown in 
Fig. 3 is a series of 13 overlapping segments of length 4. Each of these 
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FIG. 3. An immobile nucleic acid junction of rank 4. The directions of the backbones, 
5’+ 3’, are indicated by the half-arrowheads. The sequence fulfills all the rules listed in the 
text. Note that all the sets of base pairs are in accord with rule 4, not just the base pairs 
which flank the junction. This junction was generated with N, = 4. It has a predicted fidelity 
probability of 0.9999 at 30°C. 

segments is termed a “criton”, while the complement to a criton is termed 
its “anti-criton”. A given value of N, implies a diversity of 4” critons 
available with which to construct a given junction. Watson-Crick pairing 
arrangements which compete with the desired pairing must be considered 
from a thermodynamic point of view for lengths less that N,. However, if 
the rules indicated below are obeyed, there will be no competing Watson- 
Crick pairing interactions for segments of length N, or longer. Two 
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the constraints applied to the generation of the immobile junction in 
Fig. 3 were incompatible with a value of N, less than 4. 

I have written a FORTRAN computer program to generate sequences 
which fulfill these criteria for junctions of any design by a rapid algorithm. 
The program also ranks generated sequences on the basis of pairing fidelity 
relative to competing interactions at lengths shorter than N,. The details 
of the algorithm and the way in which free.energy considerations are taken 
into account for competing Watson-Crick pairing interactions (at lengths 
shorter than NC) will be discussed elsewhere (Seeman & Kallenbach, in 
preparation). 

Immobile junctions of the sort described in this section will be enormously 
valuable in studying the structural characteristics of junctions. There are 
several questions associated with this system which crystallographic and 
solution studies of immobile junctions will answer: these pertain to the 
structure of the junction and the dynamics of its motion. It has been 
suggested by several authors that the dynamics of the junction structure 
are critically related to the process of branch point migration (Thompson, 
Camien & Warner, 1976; Warner, Fishel & Wheeler, 1978; Seeman & 
Robinson, 1981). However, in order to get a handle on the direct mechanism 
of the migratory event, it is necessary to go to a second class of molecules, 
the semi-mobile junctions; these complexes are capable of limited migration 
within the confines of a fundamentally immobile structure. An example of 
a semi-mobile junction is shown in Fig. 4. This junction is able to accomplish 

FIG. 4. A semi-mobile junction. This junction may undergo the reactions indicated, but 
may not go beyond them and resolve into two linear duplexes. Thus, it constitutes a simple 
flip-flop. The rules of migration are satisfied for the two states shown, but the rules for 
non-migration come into play for any further migratory events in either direction. 

a flip-flop, as indicated in the figure, but it is incapable of complete 
resolution. In order to generate such a junction, the mobile bases and the 
phosphates which flank them must be considered part of the bend. Thus, 
the base pairs which flank the mobile bases are now considered to abut 
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The first 3D objects built from DNA 3-ways junctions 
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The Holliday junction in an inverted repeat DNA
sequence: Sequence effects on the structure of
four-way junctions
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Holliday junctions are important structural intermediates in recom-
bination, viral integration, and DNA repair. We present here the
single-crystal structure of the inverted repeat sequence d(CCGG-
TACCGG) as a Holliday junction at the nominal resolution of 2.1 Å.
Unlike the previous crystal structures, this DNA junction has B-DNA
arms with all standard Watson–Crick base pairs; it therefore rep-
resents the intermediate proposed by Holliday as being involved in
homologous recombination. The junction is in the stacked-X con-
formation, with two interconnected duplexes formed by coaxially
stacked arms, and is crossed at an angle of 41.4° as a right-handed
X. A sequence comparison with previous B-DNA and junction
crystal structures shows that an ACC trinucleotide forms the core
of a stable junction in this system. The 3!-C"G base pair of this ACC
core forms direct and water-mediated hydrogen bonds to the
phosphates at the crossover strands. Interactions within this core
define the conformation of the Holliday junction, including the
angle relating the stacked duplexes and how the base pairs are
stacked in the stable form of the junction.

DNA structure ! recombination

When genetic information is exchanged, e.g., during recom-
bination between homologous regions of chromosomes or

integration of viral DNA into host genomes, the DNA double
helix is disrupted. Holliday proposed that the intermediate
formed during homologous recombination is a four-way junction
(Fig. 1) (1). Similar junctions form in cruciform DNAs extruded
from inverted repeat sequences. Recently, the crystal structures
of junctions in a DNA–RNA complex (2) and in the sequence
d(CCGGGACCGG) (3) have been reported. In the first struc-
ture, the DNA"RNA arms are in the A-conformation, whereas
in the latter, two G"A mismatched base pairs sit adjacent to the
crossover between the duplexes. Here, we present the structure
of a Holliday junction in a true inverted repeat DNA sequence
d(CCGGTACCGG) in which all of the nucleotides are in B-type
helices with Watson–Crick base pairs.

Studies on synthetic four-stranded complexes and DNA cru-
ciforms show that four-way junctions can adopt either an open
extended-X or the more compact stacked-X conformations (for
a recent review, see ref. 4). In the presence of monovalent
cations, the four arms of the junction are extended into a square
planar geometry (Fig. 1) to minimize electrostatic repulsion
between phosphates. Divalent cations and polyvalent polyamines
help shield the phosphate charges (5), allowing the junction to
adopt a more compact structure with pairs of arms coaxially
stacked as duplexes (Fig. 1) and the duplexes related by !60°
(6–9). A 63° angle is estimated from atomic force microscopy
studies on arrays of such junctions (10). During recombination,
four-way junctions are resolved by enzymes to complete the
process of strand exchange between duplexes. The junctions seen
in cocrystals with the resolving enzymes RuvA (11, 12) and Cre
(13) are in the extended-X form, whereas T4 endonuclease VII
(14, 15) and T7 endonuclease I (16, 17) seem to maintain the
relationship of the stacked-X arms.

Despite repeated efforts over the years to crystallize a four-way
DNA junction, the recent crystal structures have all been seren-
dipitous. The RNA"DNA junction resulting from studies on an
RNA-cleaving DNA motif, or DNAzyme, complexed with its RNA
substrate (2) have arms that adopt an A-RNA conformation. The
sequence d(CCGGGACCGG) designed to study tandem G"A
mismatched base pairs in B-DNA also crystallized as a junction (3);
however, the structure around the junction is perturbed by the
mismatches. Thus we are left asking what is the structure of a
Holliday junction with B-DNA arms and standard base pairs.

We had designed the sequence d(CCGGTACCGG) to study
the d(TA) dinucleotide in B-DNA that is a target for the
photochemotherapeutic drug psoralen. Surprisingly, four
strands of this DNA assembled to crystallize as a four-way
junction with all Watson–Crick base pairs. We can thus examine
the detailed structure and define the nucleotides and intramo-
lecular interactions that help to stabilize the Holliday junction.

Materials and Methods
Crystallization and X-Ray Data Collection. DNA sequences were
synthesized on an Applied Biosystems DNA synthesizer and

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org {PDB ID codes 1DCW [d(CCGGTACCGG)] and 1DCV [d(CCGCTAGCGG)]}.
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Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).
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core forms direct and water-mediated hydrogen bonds to the
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define the conformation of the Holliday junction, including the
angle relating the stacked duplexes and how the base pairs are
stacked in the stable form of the junction.
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bination between homologous regions of chromosomes or
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formed during homologous recombination is a four-way junction
(Fig. 1) (1). Similar junctions form in cruciform DNAs extruded
from inverted repeat sequences. Recently, the crystal structures
of junctions in a DNA–RNA complex (2) and in the sequence
d(CCGGGACCGG) (3) have been reported. In the first struc-
ture, the DNA"RNA arms are in the A-conformation, whereas
in the latter, two G"A mismatched base pairs sit adjacent to the
crossover between the duplexes. Here, we present the structure
of a Holliday junction in a true inverted repeat DNA sequence
d(CCGGTACCGG) in which all of the nucleotides are in B-type
helices with Watson–Crick base pairs.

Studies on synthetic four-stranded complexes and DNA cru-
ciforms show that four-way junctions can adopt either an open
extended-X or the more compact stacked-X conformations (for
a recent review, see ref. 4). In the presence of monovalent
cations, the four arms of the junction are extended into a square
planar geometry (Fig. 1) to minimize electrostatic repulsion
between phosphates. Divalent cations and polyvalent polyamines
help shield the phosphate charges (5), allowing the junction to
adopt a more compact structure with pairs of arms coaxially
stacked as duplexes (Fig. 1) and the duplexes related by !60°
(6–9). A 63° angle is estimated from atomic force microscopy
studies on arrays of such junctions (10). During recombination,
four-way junctions are resolved by enzymes to complete the
process of strand exchange between duplexes. The junctions seen
in cocrystals with the resolving enzymes RuvA (11, 12) and Cre
(13) are in the extended-X form, whereas T4 endonuclease VII
(14, 15) and T7 endonuclease I (16, 17) seem to maintain the
relationship of the stacked-X arms.

Despite repeated efforts over the years to crystallize a four-way
DNA junction, the recent crystal structures have all been seren-
dipitous. The RNA"DNA junction resulting from studies on an
RNA-cleaving DNA motif, or DNAzyme, complexed with its RNA
substrate (2) have arms that adopt an A-RNA conformation. The
sequence d(CCGGGACCGG) designed to study tandem G"A
mismatched base pairs in B-DNA also crystallized as a junction (3);
however, the structure around the junction is perturbed by the
mismatches. Thus we are left asking what is the structure of a
Holliday junction with B-DNA arms and standard base pairs.

We had designed the sequence d(CCGGTACCGG) to study
the d(TA) dinucleotide in B-DNA that is a target for the
photochemotherapeutic drug psoralen. Surprisingly, four
strands of this DNA assembled to crystallize as a four-way
junction with all Watson–Crick base pairs. We can thus examine
the detailed structure and define the nucleotides and intramo-
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Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).
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Fig. 9. Illustration of the ion-dependent folding equilibrium of the four-way DNA junction. At low salt
concentrations the junction exists in an extended, unstacked conformation. On addition of divalent
metal ions, such as & 100 µm magnesium ions, the junction folds into the stacked X-structure.
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Fig. 10. Folding of the four-way DNA junction; FRET titration with magnesium ions. Junction 3 was
prepared with donor and acceptor fluorophores attached to the termini of two arms (B and H) that
define one of the acute angles of the folded junction. The e�ciency of fluorescence resonance energy
transfer (E

FRET
) was measured as a function of magnesium ion concentration. The experimental data

are the plotted points. These were fitted to a simple two-state model for folding induced by ion binding,
such that the proportion of folded junction (a) is given by aØKapp

A
[Mg#+]n}(1≠Kapp

A
[Mg#+)n where

Kapp
A

is the apparent association constant for magnesium ion binding and n is the Hill coe�cient. The
best fit (the line shown) gives a value of nØ 1±1≥0±2. The simplest interpretation is that folding is
induced by the non-cooperative binding of a single magnesium ion. Original data from J. M. Fogg
(University of Dundee).

represents the apparent association constant for the binding of the metal ion(s) that induce

the folding. Typical data for the magnesium ion-induced folding of a junction are shown in

Fig. 10. The experimental data can be fitted with a Kapp
A

in the region of 10& m�" for divalent

ions, and a value of the Hill coe�cient of nØ 1. This is consistent with a model in which

folding is induced by the non-cooperative binding of one metal ion.
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The Holliday junction in an inverted repeat DNA
sequence: Sequence effects on the structure of
four-way junctions
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Holliday junctions are important structural intermediates in recom-
bination, viral integration, and DNA repair. We present here the
single-crystal structure of the inverted repeat sequence d(CCGG-
TACCGG) as a Holliday junction at the nominal resolution of 2.1 Å.
Unlike the previous crystal structures, this DNA junction has B-DNA
arms with all standard Watson–Crick base pairs; it therefore rep-
resents the intermediate proposed by Holliday as being involved in
homologous recombination. The junction is in the stacked-X con-
formation, with two interconnected duplexes formed by coaxially
stacked arms, and is crossed at an angle of 41.4° as a right-handed
X. A sequence comparison with previous B-DNA and junction
crystal structures shows that an ACC trinucleotide forms the core
of a stable junction in this system. The 3!-C"G base pair of this ACC
core forms direct and water-mediated hydrogen bonds to the
phosphates at the crossover strands. Interactions within this core
define the conformation of the Holliday junction, including the
angle relating the stacked duplexes and how the base pairs are
stacked in the stable form of the junction.

DNA structure ! recombination

When genetic information is exchanged, e.g., during recom-
bination between homologous regions of chromosomes or

integration of viral DNA into host genomes, the DNA double
helix is disrupted. Holliday proposed that the intermediate
formed during homologous recombination is a four-way junction
(Fig. 1) (1). Similar junctions form in cruciform DNAs extruded
from inverted repeat sequences. Recently, the crystal structures
of junctions in a DNA–RNA complex (2) and in the sequence
d(CCGGGACCGG) (3) have been reported. In the first struc-
ture, the DNA"RNA arms are in the A-conformation, whereas
in the latter, two G"A mismatched base pairs sit adjacent to the
crossover between the duplexes. Here, we present the structure
of a Holliday junction in a true inverted repeat DNA sequence
d(CCGGTACCGG) in which all of the nucleotides are in B-type
helices with Watson–Crick base pairs.

Studies on synthetic four-stranded complexes and DNA cru-
ciforms show that four-way junctions can adopt either an open
extended-X or the more compact stacked-X conformations (for
a recent review, see ref. 4). In the presence of monovalent
cations, the four arms of the junction are extended into a square
planar geometry (Fig. 1) to minimize electrostatic repulsion
between phosphates. Divalent cations and polyvalent polyamines
help shield the phosphate charges (5), allowing the junction to
adopt a more compact structure with pairs of arms coaxially
stacked as duplexes (Fig. 1) and the duplexes related by !60°
(6–9). A 63° angle is estimated from atomic force microscopy
studies on arrays of such junctions (10). During recombination,
four-way junctions are resolved by enzymes to complete the
process of strand exchange between duplexes. The junctions seen
in cocrystals with the resolving enzymes RuvA (11, 12) and Cre
(13) are in the extended-X form, whereas T4 endonuclease VII
(14, 15) and T7 endonuclease I (16, 17) seem to maintain the
relationship of the stacked-X arms.

Despite repeated efforts over the years to crystallize a four-way
DNA junction, the recent crystal structures have all been seren-
dipitous. The RNA"DNA junction resulting from studies on an
RNA-cleaving DNA motif, or DNAzyme, complexed with its RNA
substrate (2) have arms that adopt an A-RNA conformation. The
sequence d(CCGGGACCGG) designed to study tandem G"A
mismatched base pairs in B-DNA also crystallized as a junction (3);
however, the structure around the junction is perturbed by the
mismatches. Thus we are left asking what is the structure of a
Holliday junction with B-DNA arms and standard base pairs.

We had designed the sequence d(CCGGTACCGG) to study
the d(TA) dinucleotide in B-DNA that is a target for the
photochemotherapeutic drug psoralen. Surprisingly, four
strands of this DNA assembled to crystallize as a four-way
junction with all Watson–Crick base pairs. We can thus examine
the detailed structure and define the nucleotides and intramo-
lecular interactions that help to stabilize the Holliday junction.

Materials and Methods
Crystallization and X-Ray Data Collection. DNA sequences were
synthesized on an Applied Biosystems DNA synthesizer and

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org {PDB ID codes 1DCW [d(CCGGTACCGG)] and 1DCV [d(CCGCTAGCGG)]}.
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The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
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Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).
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Fig. 4. Possible stacked forms of a four-way helical junction. The centre shows the junction in an
unstacked, extended conformation, with the four arms directed towards the corners of a square. The
arms are labelled 1 to 4 in a circular manner. The junction may undergo pairwise coaxial stacking of
arms in two ways, characterised by 2 on 1 and 3 on 4 stacking (top) or 1 on 4 and 2 on 3 stacking
(bottom). Each of these might be rotated in either a parallel (left) or antiparallel (right) manner,
although these are clearly extremes. Intermediate rotation can generate either right- or left-handed
structures.

presence of a hexanucleotide with two-fold symmetry in the DNAzyme loop) to generate a

novel four-strand species containing two four-way junctions related by two-fold symmetry.

This rather strange form crystallised in a hexagonal space group, giving di�raction out to a

resolution of 3 A/ . These junctions were some way from being perfect four-way DNA

junctions in a number of respects. First, one component strand in each junction was RNA.

Second, one arm terminated with an A[G mismatch at the point of strand exchange. Lastly,

one ‘arm’ of each junction was e�ectively only a single basepair closed by a four-base loop.

Despite these imperfections, the structure is clearly a four-way helical junction (Fig. 7(a)),

with pairwise coaxial stacking of arms and a right-handed rotation of 55∞. Because of the

RNA strand, one of the two helices is A-form, while the other is B-form. The structure is

based upon an antiparallel orientation of the continuous strands, and thus the exchanging

strands do not cross (see Fig. 4).
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Holliday junction conformations 

Fig. 2. The Holliday junction structure of d(CCGGTACCGG). (A) Four strands of the sequence assemble into the stacked-X conformation of a four-way junction.
The strands are numbered 1 to 10 from the 5! to the 3! termini. (B) View along the Holliday junction. Two duplexes, formed by stacking arms D-A over A-B and
C-D over B-C, are related by a right-handed twist of 41.4°. (C) Stereoview down the 2-fold axis of the junction. The B and D strands pass from one set of stacked
duplexes to the neighboring duplexes.

Table 1. Data collection and refinement statistics

d(CCGGTACCGG) d(CCGCTAGCGG)

Data collection
Resolution range, Å 30.16–2.10 33.81–2.49
Measured (unique) reflections 18370 (6322) 7532 (2009)
Completeness, %* 97.4 (96.7) 98.2 (91.6)
Rmerge, %*† 4.5 (21.8) 5.2 (41.8)
"I!!1#* 10.6 (2.7) 12.8 (3.1)

Refinement
Resolution range, Å 8–2.10 10–2.50
No. of reflections (F/!F cutoff) 5723 (3.0) 1943 (2.0)
Completeness* 88.9 (68.0) 98.6 (95.4)
R cryst (R free)‡ 23.0 (31.8) 20.7 (31.7)
DNA atoms (solvent molecules) 808 (92) 404 (23)
Average B-factors, Å2

DNA atoms (water atoms) 32.2 (44.6) 55.4 (63.3)
rms deviation from ideality

Bond lengths, Å (Bond angles, °) 0.017 (1.90) 0.005 (1.00)

*Values in parentheses refer to the highest resolution shell.
†Rmerge (I) $ %hkl%i"Ihkl, i & "I#hkl"!%hkl%i"Ihkl, i" where Ihkl is the intensity of a reflection and "I#hkl is the average of all
observations of this reflection and its symmetry equivalents.

‡R cryst $ %hkl"Fobs & kFcalc"!%hkl"Fobs". R free $ R cryst for 10% of reflections that were not used in refinement (19). The
minimum converged values of R free are reported.

3972 " www.pnas.org Eichman et al.
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(a)

(b)

(c)

Fig. 7. Three molecular structures of the four-way DNA junction. Stereoviews of the structures have
been generated from the coordinates of three di�erent junctions solved by X-ray crystallography. (a) The
DNA–RNA junctions of the DNAzyme (Nowakowski et al. 1999). The view presented is that of the
major groove side, from a rotated perspective that shows the angle between the helical axes. The helix
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Folding DNA to create nanoscale shapes
and patterns
Paul W. K. Rothemund1

‘Bottom-up fabrication’, which exploits the intrinsic properties of atoms and molecules to direct their self-organization, is
widely used to make relatively simple nanostructures. A key goal for this approach is to create nanostructures of high
complexity, matching that routinely achieved by ‘top-down’ methods. The self-assembly of DNA molecules provides an
attractive route towards this goal. Here I describe a simple method for folding long, single-stranded DNA molecules into
arbitrary two-dimensional shapes. The design for a desired shape is made by raster-filling the shape with a 7-kilobase
single-stranded scaffold and by choosing over 200 short oligonucleotide ‘staple strands’ to hold the scaffold in place.
Once synthesized and mixed, the staple and scaffold strands self-assemble in a single step. The resulting DNA
structures are roughly 100 nm in diameter and approximate desired shapes such as squares, disks and five-pointed stars
with a spatial resolution of 6 nm. Because each oligonucleotide can serve as a 6-nm pixel, the structures can be
programmed to bear complex patterns such as words and images on their surfaces. Finally, individual DNA structures
can be programmed to form larger assemblies, including extended periodic lattices and a hexamer of triangles (which
constitutes a 30-megadalton molecular complex).

In 1959, Richard Feynman put forward the challenge of writing the
Encyclopaedia Britannica on the head of a pin1, a task which he
calculated would require the use of dots 8 nm in size. Scanning probe
techniques have essentially answered this challenge: atomic force
microscopy2 (AFM) and scanning tunnelling microscopy3,4 (STM)
allow us to manipulate individual atoms. But these techniques create
patterns serially (one line or one pixel at a time) and tend to require
ultrahigh vacuum or cryogenic temperatures. As a result, methods
based on self-assembly are considered as promising alternatives that
offer inexpensive, parallel synthesis of nanostructures under mild
conditions5. Indeed, the power of these methods has been demon-
strated in systems based on components ranging from porphyrins6 to
whole viral particles7. However, the ability of such systems to yield
structures of high complexity remains to be demonstrated. In
particular, the difficulty of engineering diverse yet specific binding
interactions means that most self-assembled structures contain just a
few unique positions that may be addressed as ‘pixels’.
Nucleic acids can help overcome this problem: the exquisite

specificity of Watson–Crick base pairing allows a combinatorially
large set of nucleotide sequences to be used when designing binding
interactions. The field of ‘DNA nanotechnology’8,9 has exploited this
property to create a number of more complex nanostructures,
including two-dimensional arrays with 8–16 unique positions and
less than 20 nm spacing10,11, as well as three-dimensional shapes such
as a cube12 and truncated octahedron13. However, because the
synthesis of such nanostructures involves interactions between a
large number of short oligonucleotides, the yield of complete
structures is highly sensitive to stoichiometry (the relative ratios of
strands). The synthesis of relatively complex structures was thus
thought to require multiple reaction steps and purifications, with the
ultimate complexity of DNA nanostructures limited by necessarily
low yields. Recently, the controlled folding of a long single DNA
strand into an octahedron was reported14, an approach that may be
thought of as ‘single-strandedDNAorigami’. The success of this work

suggested that the folding of long strands could, in principle, proceed
without many misfoldings and avoid the problems of stoichiometry
and purification associated with methods that use many short DNA
strands.
I now present a versatile and simple ‘one-pot’ method for using

numerous short single strands of DNA to direct the folding of a long,
single strand of DNA into desired shapes that are roughly 100 nm in
diameter and have a spatial resolution of about 6 nm. I demonstrate
the generality of this method, which I term ‘scaffolded DNAorigami’,
by assembling six different shapes, such as squares, triangles and five-
pointed stars. I show that the method not only provides access to
structures that approximate the outline of any desired shape, but also
enables the creation of structures with arbitrarily shaped holes or
surface patterns composed of more than 200 individual pixels. The
patterns on the 100-nm-sized DNA shapes thus have a complexity
that is tenfold higher than that of any previously self-assembled
arbitrary pattern and comparable to that achieved using AFM and
STM surface manipulation4.

Design of scaffolded DNA origami
The design of a DNA origami is performed in five steps, the first two
by hand and the last three aided by computer (details in Supplemen-
tary Note S1). The first step is to build a geometric model of a DNA
structure that will approximate the desired shape. Figure 1a shows an
example shape (outlined in red) that is 33 nm wide and 35 nm tall.
The shape is filled from top to bottom by an even number of parallel
double helices, idealized as cylinders. The helices are cut to fit the
shape in sequential pairs and are constrained to be an integer number
of turns in length. To hold the helices together, a periodic array of
crossovers (indicated in Fig. 1a as small blue crosses) is incorporated;
these crossovers designate positions at which strands running along
one helix switch to an adjacent helix and continue there. The
resulting model approximates the shape within one turn (3.6 nm)
in the x-direction and roughly two helical widths (4 nm) in the
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tary Note S1). The first step is to build a geometric model of a DNA
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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« M13 is a virus that infects the bacterium 
Escherichia coli. It is composed of a 
circular single-stranded DNA molecule 
encased in a thin flexible tube made up of 
about 2700 copies of a single protein called 
P8, the major coat protein. The ends of the 
tube are capped with minor coat proteins. » 
 
Source: Wikipedia 

http://2010.igem.org/wiki/images/e/ed/P3_image.jpg 

Bacteriophage M13 
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single-stranded scaffold and by choosing over 200 short oligonucleotide ‘staple strands’ to hold the scaffold in place.
Once synthesized and mixed, the staple and scaffold strands self-assemble in a single step. The resulting DNA
structures are roughly 100 nm in diameter and approximate desired shapes such as squares, disks and five-pointed stars
with a spatial resolution of 6 nm. Because each oligonucleotide can serve as a 6-nm pixel, the structures can be
programmed to bear complex patterns such as words and images on their surfaces. Finally, individual DNA structures
can be programmed to form larger assemblies, including extended periodic lattices and a hexamer of triangles (which
constitutes a 30-megadalton molecular complex).

In 1959, Richard Feynman put forward the challenge of writing the
Encyclopaedia Britannica on the head of a pin1, a task which he
calculated would require the use of dots 8 nm in size. Scanning probe
techniques have essentially answered this challenge: atomic force
microscopy2 (AFM) and scanning tunnelling microscopy3,4 (STM)
allow us to manipulate individual atoms. But these techniques create
patterns serially (one line or one pixel at a time) and tend to require
ultrahigh vacuum or cryogenic temperatures. As a result, methods
based on self-assembly are considered as promising alternatives that
offer inexpensive, parallel synthesis of nanostructures under mild
conditions5. Indeed, the power of these methods has been demon-
strated in systems based on components ranging from porphyrins6 to
whole viral particles7. However, the ability of such systems to yield
structures of high complexity remains to be demonstrated. In
particular, the difficulty of engineering diverse yet specific binding
interactions means that most self-assembled structures contain just a
few unique positions that may be addressed as ‘pixels’.
Nucleic acids can help overcome this problem: the exquisite

specificity of Watson–Crick base pairing allows a combinatorially
large set of nucleotide sequences to be used when designing binding
interactions. The field of ‘DNA nanotechnology’8,9 has exploited this
property to create a number of more complex nanostructures,
including two-dimensional arrays with 8–16 unique positions and
less than 20 nm spacing10,11, as well as three-dimensional shapes such
as a cube12 and truncated octahedron13. However, because the
synthesis of such nanostructures involves interactions between a
large number of short oligonucleotides, the yield of complete
structures is highly sensitive to stoichiometry (the relative ratios of
strands). The synthesis of relatively complex structures was thus
thought to require multiple reaction steps and purifications, with the
ultimate complexity of DNA nanostructures limited by necessarily
low yields. Recently, the controlled folding of a long single DNA
strand into an octahedron was reported14, an approach that may be
thought of as ‘single-strandedDNAorigami’. The success of this work

suggested that the folding of long strands could, in principle, proceed
without many misfoldings and avoid the problems of stoichiometry
and purification associated with methods that use many short DNA
strands.
I now present a versatile and simple ‘one-pot’ method for using

numerous short single strands of DNA to direct the folding of a long,
single strand of DNA into desired shapes that are roughly 100 nm in
diameter and have a spatial resolution of about 6 nm. I demonstrate
the generality of this method, which I term ‘scaffolded DNAorigami’,
by assembling six different shapes, such as squares, triangles and five-
pointed stars. I show that the method not only provides access to
structures that approximate the outline of any desired shape, but also
enables the creation of structures with arbitrarily shaped holes or
surface patterns composed of more than 200 individual pixels. The
patterns on the 100-nm-sized DNA shapes thus have a complexity
that is tenfold higher than that of any previously self-assembled
arbitrary pattern and comparable to that achieved using AFM and
STM surface manipulation4.

Design of scaffolded DNA origami
The design of a DNA origami is performed in five steps, the first two
by hand and the last three aided by computer (details in Supplemen-
tary Note S1). The first step is to build a geometric model of a DNA
structure that will approximate the desired shape. Figure 1a shows an
example shape (outlined in red) that is 33 nm wide and 35 nm tall.
The shape is filled from top to bottom by an even number of parallel
double helices, idealized as cylinders. The helices are cut to fit the
shape in sequential pairs and are constrained to be an integer number
of turns in length. To hold the helices together, a periodic array of
crossovers (indicated in Fig. 1a as small blue crosses) is incorporated;
these crossovers designate positions at which strands running along
one helix switch to an adjacent helix and continue there. The
resulting model approximates the shape within one turn (3.6 nm)
in the x-direction and roughly two helical widths (4 nm) in the
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conditions5. Indeed, the power of these methods has been demon-
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few unique positions that may be addressed as ‘pixels’.
Nucleic acids can help overcome this problem: the exquisite
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property to create a number of more complex nanostructures,
including two-dimensional arrays with 8–16 unique positions and
less than 20 nm spacing10,11, as well as three-dimensional shapes such
as a cube12 and truncated octahedron13. However, because the
synthesis of such nanostructures involves interactions between a
large number of short oligonucleotides, the yield of complete
structures is highly sensitive to stoichiometry (the relative ratios of
strands). The synthesis of relatively complex structures was thus
thought to require multiple reaction steps and purifications, with the
ultimate complexity of DNA nanostructures limited by necessarily
low yields. Recently, the controlled folding of a long single DNA
strand into an octahedron was reported14, an approach that may be
thought of as ‘single-strandedDNAorigami’. The success of this work
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without many misfoldings and avoid the problems of stoichiometry
and purification associated with methods that use many short DNA
strands.
I now present a versatile and simple ‘one-pot’ method for using

numerous short single strands of DNA to direct the folding of a long,
single strand of DNA into desired shapes that are roughly 100 nm in
diameter and have a spatial resolution of about 6 nm. I demonstrate
the generality of this method, which I term ‘scaffolded DNAorigami’,
by assembling six different shapes, such as squares, triangles and five-
pointed stars. I show that the method not only provides access to
structures that approximate the outline of any desired shape, but also
enables the creation of structures with arbitrarily shaped holes or
surface patterns composed of more than 200 individual pixels. The
patterns on the 100-nm-sized DNA shapes thus have a complexity
that is tenfold higher than that of any previously self-assembled
arbitrary pattern and comparable to that achieved using AFM and
STM surface manipulation4.

Design of scaffolded DNA origami
The design of a DNA origami is performed in five steps, the first two
by hand and the last three aided by computer (details in Supplemen-
tary Note S1). The first step is to build a geometric model of a DNA
structure that will approximate the desired shape. Figure 1a shows an
example shape (outlined in red) that is 33 nm wide and 35 nm tall.
The shape is filled from top to bottom by an even number of parallel
double helices, idealized as cylinders. The helices are cut to fit the
shape in sequential pairs and are constrained to be an integer number
of turns in length. To hold the helices together, a periodic array of
crossovers (indicated in Fig. 1a as small blue crosses) is incorporated;
these crossovers designate positions at which strands running along
one helix switch to an adjacent helix and continue there. The
resulting model approximates the shape within one turn (3.6 nm)
in the x-direction and roughly two helical widths (4 nm) in the
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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scaffold and create the periodic crossovers. Staples reverse direction
at these crossovers; thus crossovers are antiparallel, a stable configu-
ration well characterized in DNA nanostructures16. Note that the
crossovers in Fig. 1c are drawn somewhatmisleadingly, in that single-
stranded regions appear to span the inter-helix gap even though the
design leaves no bases unpaired. In the assembled structures, helices
are likely to bend gently to meet at crossovers so that only a single
phosphate from each backbone occurs in the gap (as ref. 16 suggests
for similar structures). Such small-angle bending is not expected to
greatly affect the width of DNA origami (see also Supplementary
Note S2).
Theminimization and balancing of twist strain between crossovers

is complicated by the non-integer number of base pairs per half-turn
(5.25 in standard B-DNA) and the asymmetric nature of the helix (it
has major and minor grooves). Therefore, to balance the strain15

caused by representing 1.5 turns with 16 bp, periodic crossovers are
arranged with a glide symmetry, namely that the minor groove faces
alternating directions in alternating columns of periodic crossovers
(see Fig. 1d, especially cross-sections 1 and 2). Scaffold crossovers are
not balanced in this way. Thus in the fourth step, the twist of scaffold
crossovers is calculated and their position is changed (typically by a
single bp) to minimize strain; staple sequences are recomputed
accordingly. Along seams and some edges the minor groove angle
(1508) places scaffold crossovers in tension with adjacent periodic
crossovers (Fig. 1d, cross-section 2); such situations are left
unchanged.

Wherever two staples meet there is a nick in the backbone. Nicks
occur on the top and bottom faces of the helices, as depicted in
Fig. 1d. In the final step, to give the staples larger binding domains
with the scaffold (in order to achieve higher binding specificity and
higher binding energy which results in higher melting temperatures),
pairs of adjacent staples aremerged across nicks to yield fewer, longer,
staples (Fig. 1e). To strengthen a seam, an additional pattern of
breaks and merges may be imposed to yield staples that cross the
seam; a seam spanned by staples is termed ‘bridged’. The pattern of
merges is not unique; different choices yield different final patterns of
nicks and staples. All merge patterns create the same shape but, as
shown later, the merge pattern dictates the type of grid underlying
any pixel pattern later applied to the shape.

Folding M13mp18 genomic DNA into shapes
To test the method, circular genomic DNA from the virus M13mp18
was chosen as the scaffold. Its naturally single-stranded 7,249-nt
sequence was examined for secondary structure, and a hairpin with a
20-bp stemwas found.Whether staples could bind at this hairpinwas
unknown, so a 73-nt region containing it was avoided. When a linear
scaffold was required, M13mp18 was cut (in the 73-nt region) by
digestion with BsrBI restriction enzyme. While 7,176 nt remained
available for folding, most designs did not fold all 7,176 nt; short
(#25 nt) ‘remainder strands’ were added to complement unused
sequence. In general, a 100-fold excess of 200–250 staple and
remainder strands were mixed with scaffold and annealed from

Figure 2 | DNA origami shapes. Top row, folding paths. a, square;
b, rectangle; c, star; d, disk with three holes; e, triangle with rectangular
domains; f, sharp triangle with trapezoidal domains and bridges between
them (red lines in inset). Dangling curves and loops represent unfolded
sequence. Second row from top, diagrams showing the bend of helices at
crossovers (where helices touch) and away from crossovers (where helices
bend apart). Colour indicates the base-pair index along the folding path; red

is the 1st base, purple the 7,000th. Bottom two rows, AFM images. White
lines and arrows indicate blunt-end stacking. White brackets in a mark the
height of an unstretched square and that of a square stretched vertically (by a
factor.1.5) into an hourglass. White features in f are hairpins; the triangle
is labelled as in Fig. 3k but lies face down. All images and panels without scale
bars are the same size, 165 nm £ 165 nm. Scale bars for lower AFM images:
b, 1 mm; c–f, 100 nm.
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ABSTRACT

DNA nanotechnology exploits the programmable
specificity afforded by base-pairing to produce
self-assembling macromolecular objects of
custom shape. For building megadalton-scale DNA
nanostructures, a long ‘scaffold’ strand can be
employed to template the assembly of hundreds
of oligonucleotide ‘staple’ strands into a planar anti-
parallel array of cross-linked helices. We recently
adapted this ‘scaffolded DNA origami’ method to
producing 3D shapes formed as pleated layers
of double helices constrained to a honeycomb lat-
tice. However, completing the required design
steps can be cumbersome and time-consuming.
Here we present caDNAno, an open-source soft-
ware package with a graphical user interface that
aids in the design of DNA sequences for folding 3D
honeycomb-pleated shapes A series of rectangular-
block motifs were designed, assembled, and ana-
lyzed to identify a well-behaved motif that could
serve as a building block for future studies. The
use of caDNAno significantly reduces the effort
required to design 3D DNA-origami structures. The
software is available at http://cadnano.org/, along
with example designs and video tutorials demon-
strating their construction. The source code is
released under the MIT license.

INTRODUCTION

In 1982, Nadrian Seeman laid the theoretical framework
for the use of DNA as a nanoscale building material (1,2).
Subsequently, DNA has been used in the construction
of increasingly complex shapes and lattices (3–8). In
2006, Paul Rothemund introduced DNA origami, a ver-
satile method for constructing arbitrary 2D shapes and

patterns with dimensions of 100 nm in diameter and
6 nm spatial resolution (9). The method uses hundreds of
short oligonucleotide ‘staple’ strands to direct the folding
of a long, single ‘scaffold’ strand of DNA into a pro-
grammed arrangement.
Since its introduction, DNA origami has been used for

applications such as label-free RNA-hybridization probes
(10), seeds for algorithmic assembly (11,12), and liquid-
crystalline alignment media for NMR structure determi-
nation of membrane proteins (13). Toward increasing the
size of DNA-origami design space, we recently extended
DNA origami to construction of 3D shapes (14). While
implementing DNA-origami shapes, we found it useful to
develop computer-aided design (CAD) software to mini-
mize tedious and error-prone tasks; similar efforts have
been reported previously for oligonucleotide-based DNA
nanostructures (15) or for planar DNA origami similar to
Rothemund’s original designs (16).
Here we describe our open-source software package,

caDNAno, for use in the design of 3D DNA-origami
shapes constrained to a honeycomb framework (14). We
have used caDNAno to generate seven DNA-origami
designs of 3D rectangular blocks of varying cross-section
dimensions. Analysis of the folded blocks by agarose-gel
electrophoresis and negative-stain transmission electron
microscopy revealed that a block design specifying six-
helices-per-x-raster row yields the greatest fraction of
defect-free objects.

METHODS

Folding and purification of DNA-origami shapes

Each sample was prepared by combining 20 nM scaffold
(p7560 or p8064, derived fromM13mp18), 100 nM of each
staple oligonucleotide, buffer and salts including 5mM
Tris, 1mM EDTA (pH 7.9 at 208C), and 22mM MgCl2,
except for the 30-helix-per-x-raster block, which was
folded with 15mM MgCl2. Folding was carried out by

*To whom correspondence should be addressed. Tel: +1 617 632 5143; Fax: +1 617 632 4393; Email: william_shih@dfci.harvard.edu
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Figure 2. Transmission electron microscopy (TEM) and agarose-gel analysis of DNA-origami blocks. The nomenclature of the designs is m!n,
where m is the number of x-raster rows, and nis the number of helices per x-raster row. (i), 15! 4 motif; (ii) 10! 6 motif; (iii) 8! 8 motif; (iv) 6! 10
motif; (v) 4! 16 motif; (vi) 3! 20 motif; (vii) 2! 30 motif. (a ) Cylinder-model projections and transmission-electron micrographs for rectangular-
block designs. (b ) Partially folded models, which do not represent the actual folding pathway, are displayed above fully folded models. Scaffold
crossovers only occur between helices that are neighbors in the partially folded models. Thus, these models capture an important feature of the
design: the path of the scaffold stays within a 2D surface. (c) Agarose-gel analysis of folding of blocks. Marker is a 1 kb ladder. Red boxes indicate
the region of each lane that was counted as the fastest-migrating monomeric species for yield estimates in option d and that was physically extracted
from the gel during purification before TEM imaging. The 6! 10 design displays the fastest gel mobility. (d) Fraction of scaffold incorporated into
fastest-migrating monomeric species, as estimated by ethidium-bromide-fluorescence intensity. (e) Fraction of well-folded species after gel purifica-
tion, as estimated by image analysis of 100 randomly selected particles for each shape. Scale bars: 25 nm.
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One elegant way to achieve a square lattice packing with constant 
cross-over spacing intervals is to assume B-form DNA has an aver-
age helicity of 10.67 bp per turn1,10. A fourfold symmetry emerges 
with the backbone of a strand rotating by 270° in intervals of 8 bp. 
Thus, cross-overs to four neighbors in fourfold symmetry may be 
placed in intervals of 8 bp, with cross-overs to one of the four neigh-
bors in 32-bp intervals.

A constant 8-bp cross-over spacing in square lattice packing 
causes underwinding of each of the double-helical domains from 
the native 10.5 bp to the imposed 10.67 bp per turn, resulting in 
twisting torques that are transmitted by cross-overs. The super-
position of internal torques can cause a global twist deformation 
of the entire object8,10. The global twist for objects in square- 
lattice packing can be eliminated by departing from a constant 
8-bp spacing between cross-overs10 to achieve effective double-
helical twist densities that are closer to the natural 10.5 bp per 
turn twist density. Elimination of global twist on the square lattice 
was found for effective double-helical twist densities around 10.4 
bp per turn10. Global twist in multilayer square lattice objects can 
also be minimized by creating objects with large torsional stiff-
ness in the helical direction10.

from the observer, 7 bp downstream the backbone of that strand 
will be at a position equivalent to 8 p.m., 14 bp downstream will 
be 4 a.m. the next day and 21 bp downstream it will again cor-
respond to the noon position. To constrain DNA double-helical 
domains to a honeycomb lattice, one can thus place cross-overs 
in constant intervals of 7 bp to each of three possible neighboring 
helical domains with connections between a particular pair of 
neighboring double-helical domains occurring every 21 bp.

Deviating from the constant 7-bp cross-over spacing rule in hon-
eycomb-lattice packing causes local undertwist or overtwist as well as 
axial strain8. The targeted creation of such local sources of mechani-
cal stress can be incorporated in the design to build objects that have 
global twist or global bending with tunable curvature (Fig. 1e–g)8.

Close-packing DNA double-helical domains onto a square lattice 
requires placing cross-overs to four nearest neighbors arranged in 
fourfold symmetry. Native B-form DNA geometry dictates a con-
stant cross-over spacing of 21 bp between a particular pair of neigh-
boring helical domains (Fig. 2a,b). It follows that cross-overs to the 
remaining three neighbors in the square lattice should be distributed 
with an average spacing of 21/4 = 5.25 bp. This can only be achieved 
by making use of nonconstant cross-over spacing intervals.
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~0.34 nm

21 bp

21 bp

2nm

2.2−3nm

5�

3�

3�

5�

Figure 2 | The scaffolded DNA origami design concept. (a) In primitives of scaffolded DNA origami, DNA double helices are represented schematically either as 
two adjacent lines (left; the white line represents the scaffold strand in white and the staple strand in color) or solid cylinders (middle). A detailed rendering of a 
B-form double-helical domain is also shown (right). (b) Individual DNA double-helical domains may be connected to adjacent double-helical domains by interhelix 
cross-overs (arrows). The interhelix connections are formed by U-turns of the covalent phosphate backbone of either the staple or scaffold strand. Interhelix 
connections are depicted schematically as lines perpendicular to the lines that represent helices. In the cylinder representation, cross-overs are not drawn. (c) 
Examples of single- and multilayer scaffold routing solutions through DNA origami object. (d) Examples for complete scaffold-staple layouts, with staples colored 
differently to highlight their individual paths through the structures. (e) Single- and multilayer DNA origami objects in cylinder representation.
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multilayer honeycomb lattice objects8. The effective width of a square 
lattice object along the vertical or horizontal cross-sectional axis (Fig. 
3a) can be estimated as 2H + (H – 1)g in which H is the number of 
2-nm-wide double-helical domains along that axis and g is the interhe-
lical gap size in nanometers between cross-overs along the same axis1. 
The effective contribution of a single double-helical domain to the 
cross-sectional dimensions of multilayer honeycomb lattice objects 
has been found to range from 2.1 nm to 2.4 nm (refs. 7,8).

Computer-aided engineering for DNA origami
Computational tools for predicting 3D structure of DNA origami 
designs before initiating cost-intensive staple oligonucleotide 
synthesis are currently lacking. Such tools would be of particu-
lar value in designing complex objects that incorporate curved 
and twisted elements. To this end we developed the computa-
tional tool named computer-aided engineering for DNA ori-
gami (CanDo) that uses the finite element method to compute 
3D DNA origami shapes based on caDNAno design files (Fig. 
4). CanDo models base pairs as two-node beam finite elements 
that represent an elastic rod with effective geometric (length of 
0.34 nm and diameter of 2.25 nm; ref. 8) and material (stretch 
modulus of 1,100 pN, bend modulus of 230 pN nm2 and twist 
modulus of 460 pN nm; refs. 2,39) parameters. Sequence details 
are neglected at present, and users may specify custom geomet-
ric and mechanical parameters for double-helical DNA domains. 
Each finite element node has three translational degrees of 
freedom for the center position of the cross-section and three 
rotational degrees of freedom for the orientation of the cross-
section in torsion and bending40. Strand cross-overs defined in 
the caDNAno design file are modeled as rigid constraints that 
connect end nodes of base pairs that are coupled by interhelical 
cross-overs. To compute the 3D structure, CanDo first creates an 
initial configuration in which all double helices defined in the 
caDNAno source file are arranged linearly in space. This initial 
configuration is identical to the structure shown in one of the 
three design panels in caDNAno. CanDo then applies external 
forces to deform adjacent helices so that rigid cross-overs may 
be placed between helices based on the connectivity defined in 
the caDNAno design file. Subsequent release of these external 
forces followed by structural relaxation using nonlinear finite 
element analysis leads to deformation and internal strain when-
ever the connectivity imposed by cross-overs is not compatible 
with the default geometry of B-form DNA. CanDo performs the 
numerical analysis using the commercially available finite ele-
ment analysis software ADINA (automatic, dynamic, incremen-
tal linear analysis; Adina R&D). More information about CanDo 
is available in Supplementary Note 2.

caDNAno design files may be submitted for analysis at (http://
cando.dna-origami.org/). Users obtain the deformed shape of 
the relaxed structure as well as heatmaps of the local magnitude 
of thermally induced fluctuations, which indicate flexibility of 
the deformed structure. All output is provided in the .bild data 
format, which can be visualized using freely available 3D viewers 
such as University of California San Francisco Chimera41 (http://
www.cgl.ucsf.edu/chimera/).

CanDo currently does not model interhelical electrostatic 
repulsion and neglects major and minor groove details. We will 
address these features and the capability to model wireframe or 
tensegrity-like structures in a future version that is currently 

Single-layer square lattice DNA origami objects with a constant 
spacing of 16 bp between cross-overs to neighboring double-helical 
domains likely adopt a twisted shape in solution. Adhesion inter-
actions with surfaces may abolish the twist deformations resulting 
in objects that lay flat on a surface. For single-layer DNA origami 
objects twist deformations appear to vanish when surface deposition 
is achieved by electrostatic immobilization1,31.

Thus, the square lattice packing rule allows for creating densely 
packed objects with rectangular features but may require additional 
effort to eliminate potentially undesired global twist deformations. 
The honeycomb lattice packing rule by default creates straight albeit 
more porous structures.

In a DNA origami object both staple and scaffold strands can 
contribute cross-overs for connecting double-helical domains. To 
accommodate both scaffold and staple cross-overs one can define 
two cross-over reference frames that are shifted in the helical 
direction by 5 bp or 6 bp (corresponding to a backbone rotation 
of ~180°). This approach neglects the major and minor groove 
in B-form DNA but appears not to cause global shape deforma-
tions for multilayer objects with sufficient thickness (s3 layers) 
or cross-sectional aspect ratio close to 1. For thinner objects it 
may be critical to keep track of major and minor groove phos-
phate position to avoid unwanted rolling up38. An alternative is 
to work with high densities of staple cross-overs and avoid scaf-
fold cross-overs as much as possible.

Finally, to estimate the dimensions of a DNA origami object one 
may use the following rules of thumb. The length of double-helical 
domains may be estimated via N t0.34 nm in which N indicates 
the number of base pairs in the double-helical domain. The value 
of 0.34 nm per bp holds true for single-layer square lattice1 and for  

a

b
7 bp

240°

Figure 3 | Packing and cross-over spacing rules for multilayer DNA 
origami. (a) Cross-sectional view of multilayer DNA origami objects in 
square lattice (left) and honeycomb lattice (right) packing. (b) Cross-
overs in multilayer objects with honeycomb lattice packing, spaced in 
constant intervals of 7 bp along the helical axis to link double-helical 
domains to each of three possible neighbors. The cross-over spacing of 
7 bp complies with the natural B-form DNA twist density of 10.5 bp per 
turn, which corresponds to an average backbone rotation of 240° for a 
given strand in a DNA double-helical domain.
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PERSPECTIVE

1 turn = 10.67 bp 
Then, fourfold symetry with 
cross-overs every 8 bp (270°) 

1 turn = 10.67 bp 
Then,  every 7 bp 
correspond to a 240° 
rotation 
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helix-parallel axis, whereas the tensile strain can
be relieved by a compensatory global bend of the
bundle toward that fragment along its helix-
parallel axis. In the same way, insertion of a base
pair into an array cell results in a local under-
winding and compressive strain (Fig. 1C, bot-
tom) that can be relieved by a compensatory
global right-handed twist and bend away from
the fragment along the helix-parallel axis.

Destructive cancellation of compensatory
global bend deformations and constructive re-
inforcement of compensatory global twist defor-
mations can be implemented, for example, by
distribution of only deletions or only insertions in
the bundle, as depicted in Fig. 1D. The bundle
with only deletions is analogous to the archi-
tecture of protein coiled coils, where overwind-
ing of right-handed a helices from 3.6 to 3.5
amino acids per turn, enforced by heptad-repeat
phasing, is compensated by a global left-handed
twist. Conversely, destructive cancellation of
global twist deformations and constructive rein-
forcement of global bend deformations can be
implemented, for example, by distribution of a
gradient of deletions to insertions of base pairs
through a bundle’s cross section, as depicted in
Fig. 1E. Steeper gradients of deletions to inser-
tions can be implemented to achieve greater
degrees of curvature.

To assess whether global twisting can be
implemented, we chose as a model system a 10-
row, 6-helix-per-row (10-by-6) bundle composed
of 60 tightly interconnected DNA double helices
(Fig. 2) that we previously had identified as a
well-behaved folding architecture (19, 20) and
whose ribbonlike (as opposed to tubelike) struc-
ture makes observation of twisting more facile.
We designed three versions of this bundle. In the
default version that is designed not to twist, 19
crossover planes are spaced evenly in 7-bp steps
across a length of 126 bp, or 12 complete turns at
10.5 bp per turn. We designed a second version
of the 10-by-6 bundle in which we deleted a
single base pair from every third array cell along
each helix. Thus, one-third of all array cells con-
tain overtwisted DNA fragments, resulting in a
bundle with a length of 120 bp and an average
twist density of 10 bp per turn. Additionally, we
designed a third version of the 10-by-6 bundle in
which we added a single base pair to every third
array cell, resulting in a shape with a length of
132 bp and an average twist density of 11 bp per
turn (see figs. S7 to S9 for design details).

The 10 by 6 bundles were folded by a two-
step process. The first step involved initialization
of the system by incubation at 80°C of the ap-
propriate mixture of scaffold and staple strands in
buffered solution. The second step involved grad-
ual cooling of the strand suspension to room
temperature. Next, the sample was subjected to
agarose-gel electrophoresis. The fastest migrating
band (excluding the free staple strands) typically
represented the monomeric species. Thus, exci-
sion of this band from the gel, followed by
recovery of the embedded particles by centrifu-

gation through a cellulose-acetate filter, resulted
in enrichment of well-folded particles. These gel-
purified particles were then imaged by negative-
stain transmission electron microscopy (TEM)
(see note S1 for imaging methods and fig. S3 for
additional zoom-out images). As previously
reported, no systematic deformations were found
in the default 10.5 bp per turn version of the
bundle (Fig. 2A, bottom left) (19). However,
particles designed with locally overtwisted DNA
(Fig. 2B, bottom left) or locally undertwisted
DNA (Fig. 2C, bottom left) appear to exhibit a
global twist deformation when oriented so that
they are viewed down the helical-axis interface or
down the six-helix-wide side. The deformed ap-
pearance is not obvious for particles that are
oriented with the 10-helix-wide side oriented
parallel to the grid surface. Surprisingly, the 11 bp
per turn designed twist density improved overall
folding quality (Fig. 2F) of the 10-by-6 bundle.
We speculate that the increased spacing between
crossover planes may allow greater electrostatic-
repulsion–driven bowing out of helices that,

therefore, is easier to achieve. An alternative
speculative explanation derives from the obser-
vation that, for helices surrounded by three
neighbors in the honeycomb array, crossovers oc-
cur every 7 bp. An increased spacing of 8 bp may
improve stability of these segments in a manner
that affects the rate-limiting steps for folding.
Systematic experiments in the future will be re-
quired for elucidating the determinants of folding
speed and quality.

To verify the apparent twist, we separately
polymerized each of the 10-by-6 bundle versions
along the helical axes to form ribbons. When
made up of bundles designed with only default
7-bp array cells, the resulting ribbons appeared
to be completely straight with no detectable global
twist (Fig. 2A, top right). In contrast, for both the
versions with locally overtwisted and locally
undertwisted DNA fragments, we consistently
observed ribbons that clearly twist (see fig. S3
for additional zoom-out image data). To determine
the chirality of these twisted ribbons, we collected
tilt-pair images by rotating the TEM goniometer

Fig. 1. Design principles for controlling twist and curvature in DNA bundles. (A) Double helices are
constrained to a honeycomb arrangement by staple-strand crossovers. Semi-transparent crossover planes
mark the locations of strand crossovers between neighboring helices, which are spaced at 7-bp intervals
along the helical axis. From left to right, each plane contains a class of crossovers rotated in-plane by 240°
clockwise with respect to the preceding plane. The crossover planes divide the bundle conceptually into helix
fragments that can be viewed as residing in array cells (one cell is highlighted). (B) Array cell with default
content of 7 bp, which exerts no stress on its neighbors. (C) Above, array cell with content of 5 bp, which is
under strain and therefore exerts a left-handed torque and a pull on its neighbors. Below, array cell with
content of 9 bp, which is under strain and therefore exerts a right-handed torque and a push on its
neighbors. Force vectors are shown on only two of the four strand ends of the array-cell fragment for clarity.
(D) (Left) Site-directed deletions installed in selected array cells indicated in orange result in global left-
handed twisting with cancellation of compensatory global bend contributions; (right) site-directed
insertions in selected array cells (shown in blue) result in global right-handed twisting. (E) Site-directed
base-pair deletions (indicated in orange) and base-pair insertions (indicated in blue) can be combined to
induce tunable global bending of the DNA bundle with cancellation of compensatory global twist
contributions.

7 AUGUST 2009 VOL 325 SCIENCE www.sciencemag.org726

REPORTS

 o
n 

Ju
ne

 7
, 2

01
7

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

(Fig. 2, D and E). For ribbons polymerized from
bundles with locally undertwisted DNA, we ob-
served that the nodes consistently moved upward
on an 80° counterclockwise sample-plane rotation.
The experimental geometry (Fig. 2D, bottom)
provides an unequivocal identification of the
global twist as right-handed. Conversely, for rib-
bons constructed from bundles with locally over-
twisted DNA, we observed that the ribbon nodes
consistentlymoved downward on the same sample
rotation, thus revealing a global left-handed twist.

We quantified the twist frequency by mea-
suring the distance between consecutive nodes
for multiple ribbons (Fig. 2G) and then plotting
global twist per turn as observed for each version
of the 10-by-6 bundles versus initially imposed
double-helical twist density (Fig. 2H). Different
architectures probably will exhibit global twist-
ing that will vary in absolute magnitude but not in
sign from the values observed for the 10-by 6-
bundle because of differences in resistance to
torsion as a function of cross-sectional shape. For
example, a 60-helix bundle with a more extended
cross section (e.g., 30 by 2 helices) would be

expected to exhibit more global twist at the same
initially imposed local double-helical twist den-
sity due to the lower torsional stiffness. We also
experimentally observed global twist for a 3-by-6
bundle architecture, but because of the squarelike
cross section, it was difficult to determine the
location of the nodes and thereby quantify the
magnitude of twisting.

These results imply that average double-
helical twist density must be carefully considered
during DNA-nanostructure design to avoid un-
wanted global twist deformations. Global twisting
has been observed for DNA nanotubes assembled
from oligonucleotide-based tiles with double-
helical twist densities deviating from 10.5 bp
per turn (21, 22). Planar DNA origami (18) has
been designed with an average twist density of
10.67 bp per turn. Intrinsic global twist of such
designs as exists in solution, however, might not
be obvious from image analysis of particles flat-
tened by adhesion to surfaces.

We next explored the use of balanced gra-
dients of insertions and deletions to produce
global bend with no global twist by constructing

seven versions of a three row, six-helix-per-row
(3-by-6) bundle (Fig. 3A). The design contains
61 crossover planes evenly spaced along the
helical axis. Between 15 crossover planes in the
middle of the bundle, we implemented gradients
of insertions and deletions across the short axis of
the cross section (red segment in the models in
Fig. 3, A to G; see figs. S10 to S18 for design
details). We implemented increasingly steep gra-
dients (Fig. 3H and figs. S10 to S18) up to
extreme deviations from native B-form–DNA
twist density, where one side of the 3-by-6 bundle
has an average twist density of only 6 bp per turn,
whereas the opposite side has a twist density as
high as 15 bp per turn. We used a toy model that
considers DNA as a continuum rod with elastic
bending, stretch-compression, and twist-stretch
coupling (see note S2 and fig. S1) and an iterative
refinement procedure to identify gradients that
produce bend angles from 30° to 180° in 30°
steps with radii of curvature ranging from 64 to
6 nm.

Folding of five of the seven 3-by-6 bundle
versions resulted in products that migrate as

Fig. 2. Deviations from 10.5 bp per turn twist density induce global
twisting. (A to C) (Top left) Models of a 10-by-6–helix DNA bundle (red)
with 10.5, 10, and 11 bp per turn average double-helical twist density,
respectively, and models of ribbons when polymerized (silver). (Bottom
left) Monomeric particles as observed by negative-stain TEM. Scale bars, 20
nm. (Right) Polymeric ribbons as observed by TEM. Scale bars, 50 nm. (D
and E) Tilt-pair images of twisted ribbons polymerized from 11 bp per turn
(D) and 10 bp per turn (E); 10-by-6–helix bundles, recorded at goniometer
angles of 40° and –40°. Arrows indicate the observed upward (for 11 bp
per turn) or downward (for 10 bp/turn) direction of movement of the
twisted-ribbon nodes. The dashed line provides a reference point (ends of

ribbons remain stationary on goniometer rotation). CCD, charge-coupled
device. (F) Ethidium-bromide–stained 2% agarose gel, comparing
migration of unpurified folded bundles. (G) Histograms of the observed
node-to-node distance in twisted ribbons, as observed in negative-stain
TEM micrographs. Left- and right-handed ribbons undergo half-turns every
235 T 32 nm (n = 62 internode distances measured) and 286 T 48 nm
(n = 197), respectively (numbers after the T sign indicate SD). (H) Plot of
observed global compensatory twist per turn versus double-helical twist
density initially imposed by design. A value of 0.335 nm per bp was used
to calculate global twist per turn from values obtained in (G). Error bars
indicate SD.
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scale bars: 50 nm 
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ABSTRACT

DNA nanotechnology exploits the programmable
specificity afforded by base-pairing to produce
self-assembling macromolecular objects of
custom shape. For building megadalton-scale DNA
nanostructures, a long ‘scaffold’ strand can be
employed to template the assembly of hundreds
of oligonucleotide ‘staple’ strands into a planar anti-
parallel array of cross-linked helices. We recently
adapted this ‘scaffolded DNA origami’ method to
producing 3D shapes formed as pleated layers
of double helices constrained to a honeycomb lat-
tice. However, completing the required design
steps can be cumbersome and time-consuming.
Here we present caDNAno, an open-source soft-
ware package with a graphical user interface that
aids in the design of DNA sequences for folding 3D
honeycomb-pleated shapes A series of rectangular-
block motifs were designed, assembled, and ana-
lyzed to identify a well-behaved motif that could
serve as a building block for future studies. The
use of caDNAno significantly reduces the effort
required to design 3D DNA-origami structures. The
software is available at http://cadnano.org/, along
with example designs and video tutorials demon-
strating their construction. The source code is
released under the MIT license.

INTRODUCTION

In 1982, Nadrian Seeman laid the theoretical framework
for the use of DNA as a nanoscale building material (1,2).
Subsequently, DNA has been used in the construction
of increasingly complex shapes and lattices (3–8). In
2006, Paul Rothemund introduced DNA origami, a ver-
satile method for constructing arbitrary 2D shapes and

patterns with dimensions of 100 nm in diameter and
6 nm spatial resolution (9). The method uses hundreds of
short oligonucleotide ‘staple’ strands to direct the folding
of a long, single ‘scaffold’ strand of DNA into a pro-
grammed arrangement.
Since its introduction, DNA origami has been used for

applications such as label-free RNA-hybridization probes
(10), seeds for algorithmic assembly (11,12), and liquid-
crystalline alignment media for NMR structure determi-
nation of membrane proteins (13). Toward increasing the
size of DNA-origami design space, we recently extended
DNA origami to construction of 3D shapes (14). While
implementing DNA-origami shapes, we found it useful to
develop computer-aided design (CAD) software to mini-
mize tedious and error-prone tasks; similar efforts have
been reported previously for oligonucleotide-based DNA
nanostructures (15) or for planar DNA origami similar to
Rothemund’s original designs (16).
Here we describe our open-source software package,

caDNAno, for use in the design of 3D DNA-origami
shapes constrained to a honeycomb framework (14). We
have used caDNAno to generate seven DNA-origami
designs of 3D rectangular blocks of varying cross-section
dimensions. Analysis of the folded blocks by agarose-gel
electrophoresis and negative-stain transmission electron
microscopy revealed that a block design specifying six-
helices-per-x-raster row yields the greatest fraction of
defect-free objects.

METHODS

Folding and purification of DNA-origami shapes

Each sample was prepared by combining 20 nM scaffold
(p7560 or p8064, derived fromM13mp18), 100 nM of each
staple oligonucleotide, buffer and salts including 5mM
Tris, 1mM EDTA (pH 7.9 at 208C), and 22mM MgCl2,
except for the 30-helix-per-x-raster block, which was
folded with 15mM MgCl2. Folding was carried out by

*To whom correspondence should be addressed. Tel: +1 617 632 5143; Fax: +1 617 632 4393; Email: william_shih@dfci.harvard.edu

! 2009 The Author(s)
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

neighboring helices with Holliday-junction crossovers.
The goal is to complete a continuous raster-style traversal
of the target shape using a scaffold path (Figure 1d).

Once the scaffold path is complete, complementary
staple paths are assigned by clicking the ‘Auto-staple’
tool button beneath the Path panel. Staple paths are
created wherever scaffold is present, according to an
algorithm that follows the aforementioned rules for cross-
over spacing (Figure 1e). Staple paths that fall outside the
preferred length range (18–49 bases) are highlighted, and
the user is responsible for using the editing tools to break
the staple paths into shorter segments. After all staples are
edited into a satisfactory arrangement, the scaffold path is
populated with a DNA sequence using the ‘Add Sequence’
tool. Several default sequences are provided, or the user
can input his or her own. Additionally, a 3D model can be
exported in X3D format, with double helices represented
as cylinders of 2 nm diameter and 0.34 nm per base-pair
length (Figure 1f).

We used caDNAno to design seven different honey-
comb-pleated-origami rectangular blocks (Figure 2a, top

row), creating a simple scaffold-path trajectory that
followed the same approximate path through each struc-
ture: as viewed down the helical axes, close-packing rows
of helices were arrayed within the honeycomb framework
in an x-raster pattern (i.e. left to right, then down, then
right to left, then down, etc.); the connectivity of neigh-
boring scaffold helices is more apparent in partially folded
cylinder models (Figure 2b, top row). The x-raster rows
within the honeycomb framework are corrugated;
they stagger up and down and encompass helices that
are actually at two different y-positions. Similarly, virtual
y-oriented layers can be defined that stagger left and right
and encompass helices that are at two different x-posi-
tions. The shapes were folded either from a 7560-base
scaffold into 60 parallel helices or from an 8064-base scaf-
fold into 64 parallel helices to create number-of-rows
versus number-of-helices-per-x-raster-row combinations
of 15! 4, 10! 6 (analyzed independently in ref. 14),
8! 8, 6! 10, 4! 16, 3! 20, 2! 30. Each helix was allot-
ted 126 bases of scaffold. Of those 126 bases, 98 were
paired with complementary staples, and the remaining

Figure 1. caDNAno Interface and design pipeline. (a ) Screenshot of caDNAno interface. Left, Slice panel displays a cross-sectional view of the
honeycomb lattice where helices can be added to the design. Middle, Path panel provides an interface to edit an unrolled 2D schematic of the scaffold
and staple paths. Right, Render panel provides a real-time 3D model of the design. (b ) Exported SVG schematic of example design from a, with
scaffold (blue) and staple (multi-color) sequences. (c) Path panel snapshot during first step of the design process. Short stretches of scaffold are
inserted into the Path panel as helices are added via the Slice panel. (d) The Path panel editing tools are used to stitch together a continuous scaffold
path. (e) The auto-staple button is used to generate a default set of continuous staple paths, including crossovers. The breakpoint tool is subsequently
used to split the staple paths into lengths between 18 and 49 bases. Finally, the scaffold sequence is applied to generate the list of staple sequences.
(f) Exported X3D model from the Render panel.
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Self-assembly of DNA into nanoscale
three-dimensional shapes
Shawn M. Douglas1,2,3, Hendrik Dietz1,2, Tim Liedl1,2, Björn Högberg1,2, Franziska Graf1,2,3 & William M. Shih1,2,3

Molecular self-assembly offers a ‘bottom-up’ route to fabrication
with subnanometre precision of complex structures from simple
components1. DNA has proved to be a versatile building block2–5

for programmable construction of such objects, including two-
dimensional crystals6, nanotubes7–11, and three-dimensional wire-
frame nanopolyhedra12–17. Templated self-assembly of DNA18 into
custom two-dimensional shapes on the megadalton scale has
been demonstrated previously with a multiple-kilobase ‘scaffold
strand’ that is folded into a flat array of antiparallel helices by
interactions with hundreds of oligonucleotide ‘staple strands’19,20.
Here we extend this method to building custom three-dimensional
shapes formed as pleated layers of helices constrained to a
honeycomb lattice. We demonstrate the design and assembly of
nanostructures approximating six shapes—monolith, square nut,
railed bridge, genie bottle, stacked cross, slotted cross—with
precisely controlled dimensions ranging from 10 to 100 nm. We
also show hierarchical assembly of structures such as homomulti-
meric linear tracks and heterotrimeric wireframe icosahedra.
Proper assembly requires week-long folding times and calibrated
monovalent and divalent cation concentrations. We anticipate that
our strategy for self-assembling custom three-dimensional shapes
will provide a general route to the manufacture of sophisticated
devices bearing features on the nanometre scale.

The assembly of a target three-dimensional shape using the
honeycomb-pleat-based strategy described here can be conceptua-
lized as laying down the scaffold strand into an array of antiparallel
helices (Fig. 1a) where helix m 1 1 has a preferred attachment angle to
helix m of 6120udegrees with respect to the attachment of helix m 2 1
to helix m (Fig. 1b, c). This angle is determined by the relative register
along the helical axes of the Holliday-junction crossovers that connect
helix m 1 1 to helix m versus those that connect helix m 2 1 to helix m.
Branching flaps are allowed as well (Supplementary Note S1).

The design procedure is analogous to sculpture from a porous
crystalline block. Here the block is a honeycomb lattice of antiparallel
scaffold helices (Fig. 1d). Complementary staple strands wind in an
antiparallel direction around the scaffold strands to assemble B-form
double helices that are assigned initial geometrical parameters (that
can later be adjusted to account for interhelical repulsion) of 2.0 nm
diameter, 0.34 nm per base-pair rise, and 34.3u per base-pair mean
twist (or 21 base pairs every two turns). Crossovers between adjacent
staple helices are restricted to intersections between the block and
every third layer of a stack of planes orthogonal to the helical axes,
spaced apart at intervals of seven base pairs or two-thirds of a turn
(Fig. 1c). Crossovers between adjacent scaffold helices are permitted
at positions displaced upstream or downstream of the corresponding
staple-crossover points by five base pairs or a half-turn.

The first steps in the design process are carving away duplex seg-
ments from the block to define the target shape, and then introducing
scaffold crossovers at a subset of allowed positions so as to create a

singular scaffold path that visits all remaining duplex segments. Next,
staple crossovers are added at all permitted positions on the shape
that are not five base pairs away from a scaffold crossover; this excep-
tion maintains the local crossover density along any helix–helix inter-
face at roughly one per 21 base pairs. Nicks are introduced into staple
helices to define staple strands whose lengths are between 18 and 49
bases inclusive, with a mean between 30 and 42 bases. Sometimes
staple crossovers are removed at the edges of the shapes to allow
adjustment of staple lengths to preferred values. Unpaired scaffold
bases are often introduced at the ends of helices to minimize
undesired multimerization, or else to accommodate later addition
of connecting staple strands that mediate desired multimerization.
The final step is to thread the actual scaffold sequence on the target
scaffold path to determine the Watson–Crick-complementary
sequences of the staple strands.

Design steps and assignment of staple sequences for the shapes
presented here were aided by manual rendering of strand diagrams
in Adobe Illustrator and by writing ad hoc computer programs to
produce staple sequences corresponding to those diagrams. This
process was very time-consuming and error-prone even for trained
DNA nanotechnologists. More recently, we have developed caDNAno,
a graphical-interface-based computer-aided-design environment
for assisting in honeycomb-pleated-origami design21, and have ported
all the objects described in this article into this framework
(Supplementary Note S2). With caDNAno, an individual with no
prior knowledge of programming or DNA structure can complete a
short tutorial and then be capable of generating sequences within a day
for building a new shape comparable in complexity to the examples
demonstrated here.

As with flat DNA origami19, assembly of three-dimensional,
honeycomb-pleated DNA origami proceeds in a one-pot reaction,
after rapid heating followed by slow cooling, between a scaffold
strand and the hundreds of oligonucleotide staple strands that direct
its folding into the target shape. Successful folding was observed for a
panel of five structural targets (detailed schematics in Supplementary
Note S2) each produced by mixing 10 nM scaffold strands derived
from the single-stranded genome of the M13 bacteriophage (pre-
paration described in Supplementary Note S1), 50 nM of every oli-
gonucleotide staple strand, purified by reverse-phase cartridge
(Bioneer Inc.), buffer and salts including 5 mM Tris 1 1 mM
EDTA (pH 7.9 at 20 uC), 16 mM MgCl2, and subjecting the mixture
to a thermal-annealing ramp that cooled from 80 uC to 60 uC over the
course of 80 min and then cooled from 60 uC to 24 uC over the course
of 173 h. Objects were electrophoresed on a 2% agarose gel contain-
ing 45 mM Tris borate 1 1 mM EDTA (pH 8.3 at 20 uC), and 11 mM
MgCl2 at 70 V for four hours cooled by an ice-water bath, monomer
bands were excised, DNA was recovered by physical extraction from
the excised band, and the objects were imaged using transmission
electron microscopy after negative-staining by uranyl formate. The
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02115, USA. 3Wyss Institute for Biologically Inspired Engineering, Harvard University, Cambridge, Massachusetts 02138, USA.
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome
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Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).
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at 37 °C for 7 d, we did not detect structural changes. But the test 
objects exhibited partial damage nucleated at the helical inter-
faces when heated to 55 °C. These observations are consistent 
with the melting profiles we obtained (Fig. 5c) that suggest that 
the DNA origami objects are not undergoing substantial melting 
transitions at temperatures up to 50 °C. We conclude that DNA 
origami objects built with similar average staple length and cross-
over density as the three test objects can be safely incubated at  
37 °C, which is relevant for many cell-culture applications.

We also tested the effect of different solution conditions by incubat-
ing the purified test objects overnight at room temperature in (i) cell 
culture medium (0.5t Dulbecco’s modified Eagle medium), (ii) Tris 
buffer solution containing crowding agents such as 50 mg ml–1 bovine 
serum albumin (BSA) and 50 mg ml–1 dextran or containing 1 mol l–1 
sodium chloride and/or 1 mol l–1 magnesium chloride and (iii) buffer 
titrated to pH 2 by using hydrochloric acid. We did not observe struc-
tural alterations as judged by band appearance in agarose gel electro-
phoresis and/or imaging by TEM in any of these conditions.

Finally, we treated the test objects with nucleases including 
DNase I, T7 endonuclease I, T7 exonuclease, Escherichia coli 
exonuclease I, lambda exonuclease and MseI restriction endo-
nuclease  (Supplementary Methods)43–48. DNase I and T7 
endonuclease I degraded the test objects, but treatment with the 
other enzymes did not result in structural alterations as judged by 
direct imaging using TEM and by gel electrophoresis (Fig. 5e,f). 
We studied the kinetics of digestion by DNase I and found that 
it takes one unit of DNase I about 60 min to degrade 2 ng of our 
test structures in a 20-µl reaction at 37 °C (Fig. 5g). By contrast, 
one unit of DNase I completely degraded 65 ng of duplex plasmid 
DNA (pET24b) in a 20-µl volume in less than 5 min (Fig. 5g). 
Unlike plasmid DNA, which is fully exposed to the degrading 
enzymes, DNA origami objects are shielded because of the close-
packed double-helical domains in the structure. Resistance to 
endo- and exonucleases opens up interesting prospects for the 
use of multilayer DNA origami objects as encapsulation agents.

under development. However, CanDo does already provide valu-
able structural feedback, in particular for designs that have con-
siderable curvature and/or twist (Fig. 4). Use of caDNAno and 
CanDo in an iterative manner of design and analysis should lower 
the barrier to the design of sophisticated DNA origami shapes.

Exploring DNA origami object stability
One may speculate that folded DNA origami objects will remain 
folded under conditions that leave DNA double-helical domains 
and the connecting cross-overs intact. We monitored the structural 
integrity of three test multilayer objects with honeycomb lattice 
packing (Fig. 5a,b and Supplementary Figs. 2–4) when we sub-
jected them to elevated temperatures, DNA nucleases, high- and 
low-salt conditions, acidic conditions and crowding agents. The 
average staple oligonucleotide length in the three different objects 
was 41 (18-helix bundle), 42 (24-helix bundle) and 35 (32-helix bun-
dle) nucleotides. We note that results may only be representative for 
objects built with similar specifications as the test objects.

To explore the thermal stability of the test objects, we heated 
the samples and monitored the temperature-dependent content 
of double-stranded DNA by collecting the fluorescence intensity 
of a reporter dye (Fig. 5c and Supplementary Methods). We 
observed melting transitions between 55 °C and 65 °C, ~10 °C 
below the average melting temperature calculated for each indi-
vidual staple oligonucleotide sequence used in the designs using 
mfold42. The reduced melting temperatures of the DNA origa-
mi objects may be due to destabilizing factors such as electro-
static repulsion between neighboring helices, mechanical strain 
induced by interhelix cross-overs and entropic cost associated 
with scaffold looping. We correlated the melting profiles with 
agarose gel electrophoresis and transmission electron micros-
copy (TEM) imaging. Typical micrographs of heated objects are 
shown in Figure 5d. Samples incubated at 37 °C appeared identi-
cal to the samples stored at room temperature (20 °C) for all test 
structures. After incubating one of the objects (24-helix bundle) 
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RMSF (nm)Figure 4 | CanDo. (a–c) caDNAno design diagram 
for multilayer DNA origami objects in honeycomb 
lattice packing with deviations from the constant 
7-bp cross-over spacing rule (left). Base-pair 
insertions and deletions are depicted as loops 
and crosses, respectively. CanDo 3D structure and 
local flexibility prediction shown as a heatmap 
that indicates local root-mean-square fluctuations 
(RMSFs) (middle). Representative negative-stain 
TEM micrographs (right). Scale bars, 20 nm. The 
objects shown in a and b form circular gears 
upon multimerization as described elsewhere8. 
The object shown in c was made for this work; 
note the asymmetry in RMSF between the two 
‘shoulders’ of the object, which can be mapped 
to an asymmetric distribution of cross-overs in 
the object design. (d) CanDo 3D structure and 
flexibility prediction for a caDNAno design of a 
tetrameric 60-helix bundle object in honeycomb 
lattice packing in which insertions are used to 
create an effective underwinding to 11 bp per turn 
for each double-helical domain in the object. The 
caDNAno design file is provided in Supplementary 
Figure 5. CanDo predicts handedness correctly and 
reproduces within 15% error the extent of global twist deformation as quantified by direct TEM imaging8. Typical TEM data for the twisted ribbon is shown in 
Fig. 1e. Rendering of a 50 bp long B-form DNA double helix is included as a length reference (50 bp = 17 nm).
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at 37 °C for 7 d, we did not detect structural changes. But the test 
objects exhibited partial damage nucleated at the helical inter-
faces when heated to 55 °C. These observations are consistent 
with the melting profiles we obtained (Fig. 5c) that suggest that 
the DNA origami objects are not undergoing substantial melting 
transitions at temperatures up to 50 °C. We conclude that DNA 
origami objects built with similar average staple length and cross-
over density as the three test objects can be safely incubated at  
37 °C, which is relevant for many cell-culture applications.

We also tested the effect of different solution conditions by incubat-
ing the purified test objects overnight at room temperature in (i) cell 
culture medium (0.5t Dulbecco’s modified Eagle medium), (ii) Tris 
buffer solution containing crowding agents such as 50 mg ml–1 bovine 
serum albumin (BSA) and 50 mg ml–1 dextran or containing 1 mol l–1 
sodium chloride and/or 1 mol l–1 magnesium chloride and (iii) buffer 
titrated to pH 2 by using hydrochloric acid. We did not observe struc-
tural alterations as judged by band appearance in agarose gel electro-
phoresis and/or imaging by TEM in any of these conditions.

Finally, we treated the test objects with nucleases including 
DNase I, T7 endonuclease I, T7 exonuclease, Escherichia coli 
exonuclease I, lambda exonuclease and MseI restriction endo-
nuclease  (Supplementary Methods)43–48. DNase I and T7 
endonuclease I degraded the test objects, but treatment with the 
other enzymes did not result in structural alterations as judged by 
direct imaging using TEM and by gel electrophoresis (Fig. 5e,f). 
We studied the kinetics of digestion by DNase I and found that 
it takes one unit of DNase I about 60 min to degrade 2 ng of our 
test structures in a 20-µl reaction at 37 °C (Fig. 5g). By contrast, 
one unit of DNase I completely degraded 65 ng of duplex plasmid 
DNA (pET24b) in a 20-µl volume in less than 5 min (Fig. 5g). 
Unlike plasmid DNA, which is fully exposed to the degrading 
enzymes, DNA origami objects are shielded because of the close-
packed double-helical domains in the structure. Resistance to 
endo- and exonucleases opens up interesting prospects for the 
use of multilayer DNA origami objects as encapsulation agents.

under development. However, CanDo does already provide valu-
able structural feedback, in particular for designs that have con-
siderable curvature and/or twist (Fig. 4). Use of caDNAno and 
CanDo in an iterative manner of design and analysis should lower 
the barrier to the design of sophisticated DNA origami shapes.

Exploring DNA origami object stability
One may speculate that folded DNA origami objects will remain 
folded under conditions that leave DNA double-helical domains 
and the connecting cross-overs intact. We monitored the structural 
integrity of three test multilayer objects with honeycomb lattice 
packing (Fig. 5a,b and Supplementary Figs. 2–4) when we sub-
jected them to elevated temperatures, DNA nucleases, high- and 
low-salt conditions, acidic conditions and crowding agents. The 
average staple oligonucleotide length in the three different objects 
was 41 (18-helix bundle), 42 (24-helix bundle) and 35 (32-helix bun-
dle) nucleotides. We note that results may only be representative for 
objects built with similar specifications as the test objects.

To explore the thermal stability of the test objects, we heated 
the samples and monitored the temperature-dependent content 
of double-stranded DNA by collecting the fluorescence intensity 
of a reporter dye (Fig. 5c and Supplementary Methods). We 
observed melting transitions between 55 °C and 65 °C, ~10 °C 
below the average melting temperature calculated for each indi-
vidual staple oligonucleotide sequence used in the designs using 
mfold42. The reduced melting temperatures of the DNA origa-
mi objects may be due to destabilizing factors such as electro-
static repulsion between neighboring helices, mechanical strain 
induced by interhelix cross-overs and entropic cost associated 
with scaffold looping. We correlated the melting profiles with 
agarose gel electrophoresis and transmission electron micros-
copy (TEM) imaging. Typical micrographs of heated objects are 
shown in Figure 5d. Samples incubated at 37 °C appeared identi-
cal to the samples stored at room temperature (20 °C) for all test 
structures. After incubating one of the objects (24-helix bundle) 
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RMSF (nm)Figure 4 | CanDo. (a–c) caDNAno design diagram 
for multilayer DNA origami objects in honeycomb 
lattice packing with deviations from the constant 
7-bp cross-over spacing rule (left). Base-pair 
insertions and deletions are depicted as loops 
and crosses, respectively. CanDo 3D structure and 
local flexibility prediction shown as a heatmap 
that indicates local root-mean-square fluctuations 
(RMSFs) (middle). Representative negative-stain 
TEM micrographs (right). Scale bars, 20 nm. The 
objects shown in a and b form circular gears 
upon multimerization as described elsewhere8. 
The object shown in c was made for this work; 
note the asymmetry in RMSF between the two 
‘shoulders’ of the object, which can be mapped 
to an asymmetric distribution of cross-overs in 
the object design. (d) CanDo 3D structure and 
flexibility prediction for a caDNAno design of a 
tetrameric 60-helix bundle object in honeycomb 
lattice packing in which insertions are used to 
create an effective underwinding to 11 bp per turn 
for each double-helical domain in the object. The 
caDNAno design file is provided in Supplementary 
Figure 5. CanDo predicts handedness correctly and 
reproduces within 15% error the extent of global twist deformation as quantified by direct TEM imaging8. Typical TEM data for the twisted ribbon is shown in 
Fig. 1e. Rendering of a 50 bp long B-form DNA double helix is included as a length reference (50 bp = 17 nm).
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staple routing may counteract base-pairing. The goal of the assembly 
reaction is to reach a minimum energy state at conditions where the 
minimum corresponds to the target structure. A working assembly 
method is to mix scaffold and staples in a fixed stoichiometry in 
magnesium-containing aqueous buffer, followed by subjecting the 
mixture to a thermal denaturation and annealing procedure1,7.

Single-layer objects self-assemble faster than multilayer objects. 
The assembly of multilayer objects can proceed along a multitude 
of pathways that may not necessarily lead to the fully folded target 
structure but to partially folded dead ends (kinetic traps) in which 
parts of the structure need to dissolve before assembly can proceed. 
Single-layer objects can be assembled by briefly heating the mix-
ture of scaffold and staples to 80 °C, followed by annealing at room 
temperature during a few hours1. Multilayer structures have been 
observed to require annealing over several days7. Factors that affect 
assembly by thermal annealing of multilayer objects in honeycomb 
lattice packing have been discussed elsewhere7. Isothermal chemical 
denaturation and renaturation is an alternative to thermal anneal-
ing50. Folding DNA origami objects by sequential addition of staples 
to scaffold or by tuning the staple length or sequence composition 
remain unexplored methods by which the user may direct the system 
along assembly pathways devoid of substantial kinetic folding traps.

A folding reaction contains scaffold DNA, staple DNA, water, pH-
stabilizing buffer and additional ions. Scaffold and staple DNA are 
typically added such that each staple is present in a defined stoichi-
ometry relative to the scaffold in five- to tenfold excess. Different 
staple-scaffold stoichiometries may need to be tested. The yield of 
assembly of multilayer objects is sensitive to MgCl2 concentration. 
The exact MgCl2 requirements may depend on the staple manufac-
turer likely because of residuals from varying purification protocols. 
A detailed protocol for setting up folding reactions is available in 
Supplementary Protocol 2.

For the robot object, we prepared a combined staple pool in which 
all 199 staple oligonucleotides were present each at a 500 nM effec-
tive concentration. For the folding reaction, we filled each of eight 

typically offered with purification steps such as desalting (retains all 
truncated synthesis products), reverse-phase cartridge purification 
(vendors use different names for this process that removes truncated 
products to a certain extent), high-pressure liquid chromatography 
and polyacrylamide gel electrophoresis. Staples carrying critical 
modifications should be obtained with highest possible purity, but 
DNA origami works well with lower-purity staples (desalted or 
reverse-phase cartridge purified) that are used in stoichiometric 
excess over scaffold during assembly reactions.

Staples should be grouped in multiwell plates according to struc-
tural modules. For the robot object, we obtained staples in three 
96-well plates. Staples forming the different parts of the object were 
distributed in a compact fashion on the multiwell plates (Fig. 6).

Step 4: pool subsets of concentration-normalized oligonucle-
otides. Equal amounts of concentration-normalized staple oligonu-
cleotides belonging to a structural module are mixed to form a com-
mon pool. For the robot object, we prepared three pools that contain 
the staples forming the body, arms or legs. It is necessary to keep track 
of the number of different staples that go into each pool to combine 
the staple pools in volumetric ratios to form combined pools. For the 
robot object, combined pools could comprise all staples in the design 
or subsets forming, for example, only body and arms or body, legs 
and a second set of arm staples with fluorescent dyes. By default, the 
combined pools are prepared such that each staple is present at the 
same standard concentration of, for example, 500 nM.

Step 5: run molecular self-assembly reactions. The scaffold-staple 
layout specifies a structural solution for the mixture of scaffold DNA 
and staple molecules that minimizes energy through Watson-Crick 
base-pairing. Whether the target structure corresponds to a global 
energy minimum of the system depends on solvent conditions and 
design decisions taken in step 2. Electrostatic repulsion between 
close-packed double-helical domains at low salt concentrations and 
internal stresses arising from geometrically incompatible scaffold or 

Figure 6 | Step-by-step guide through 
molecular self-assembly with scaffolded DNA 
origami. Step 1 involves conceiving a target 
shape for the intended application. Our robot 
shape was divided into three modules: body 
(red), arms (blue) and legs (orange). Step 2 
covers designing a scaffold-staple layout for 
the target shape, evaluating the design and 
determining the set of staple sequences to 
build the design. Black vertical lines trace 
the scaffold strand (as in Fig. 2c,d), and 
colored lines indicate the staple paths. In 
step 3, scaffold DNA is prepared and staple 
oligonucleotide synthesis (typically in multiwell 
plates) is performed. Step 4 involves pooling 
staple oligonucleotides according to structural 
modules. In step 5 self-assembly reactions 
are prepared and subjected to a thermal 
annealing procedure. Step 6 covers an analysis 
of the overall folding quality by agarose gel 
electrophoresis, followed by purification 
of desired species. Shown is an example of 
increasing folding quality as evidenced by 
increasing migration speed of DNA origami 
folding products observed for longer thermal annealing left to right: annealing from 80 °C to 20 °C in 2 h, 5 h, 10 h, 1 d, 5 d and 7 d as well as scaffold 
without staples as reference). In step 7 purified objects are subjected to single-particle structural analysis. Scale bar, 70 nm.

Step 1 : conceive a target shape Step 2 : design scaffold-staple layout, evaluate
design and determine staple sequences

Step 3 : prepare scaffold
DNA and synthesize staple
oligonucleotides

Step 4 : pool staple oligonucleotides Step 5 : run molecular self-assembly reactions Step 6 : analyze folding quality
and purify

Step 7 : analyze structural 
details
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Fig. 2. Schematic illustration of the preparation of AuNP–DNA conjugates with a divalent thiolate-Au linkage and their employment in the self-assembly of DNA origami.
Reproduced with permission from Ref. [75]. Copyright 2008. American Chemical Society.

Fig. 3. (a) Schematic illustration of the self-assembly process of six-AuNP linear structures and representative SEM and TEM micrographs. The scale bars in the SEM and TEM
micrographs are respectively 200 nm and 50 nm. Adapted with permission from Ref. [14]. Copyright 2010. American Chemical Society. (b) SEM micrographs of different fused
metallic nanostructures. All scale bars are 500 nm. Reproduced with permission from Ref. [96]. Copyright 2011. American Chemical Society.
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Through altering position of the fourth AuNP, left- and right-
handed structures were obtained. TEM micrographs taken at dif-
ferent tilting angles verified the preconceived 3D geometrical
structures of the four AuNSs and the measured circular dichroism
(CD) signals were in accordance to the theoretical model. Using the
similar strategy, Pilo-Pais et al. [96] succeeded in positioning sev-
eral 5 nm AuNSs onto rectangular DNA origami at specific loca-
tions. Then through electroless deposition of silver, the metal
nanoparticles were fused together and predesigned metallic nano-
structures such as rings, pairs of parallel bars, and H shapes were
created (Fig. 3b). This research successfully demonstrated a new
strategy to fabricate complex components for nanoelectronic and
nanophotonic applications.

Bottom-up self-assembly technique offers high spatial resolu-
tion and precision for the arrangement of various components in
microscopic dimensions, while top-down fabrication such as litho-
graphic patterning affords visual control at the macroscopic and
mesoscopic scale. Combining the two techniques enables both
large-area addressability and orientation control of the plasmonic
assemblies. Noteworthily, the size of DNA origami structures is
usually about 100 nm, approximating the size that can be routinely
manipulated by lithography technology. This means DNA origami
technique may bridge the microcosm to the macrocosm. It is be-
lieved that integration of the top-down fabrication and bottom-
up self-assembly will advance the nanodevice fabrication signifi-
cantly. Kershner et al. [97] reported the DNA origami-shaped bind-
ing sites could be created on technologically useful materials such
as SiO2 and diamond-like carbon through electron beam lithogra-
phy and dry oxidative etching. After that, the DNA origami struc-
tures in buffer with 100 mM Mg2+ adsorbed efficiently to the
binding sites with high selectivity. This technique offers a possible
approach to place individual molecule or a defined number of mol-
ecules (or nanoparticles) that were assembled to DNA origami in a
pattern on a solid surface. Subsequently, Hung et al. [98] assem-
bled 5-nm AuNSs with DNA origami structure and then deposited
the DNA origami–AuNSs conjugates onto the lithographically pat-
terned substrates. AFM images confirmed the AuNSs were success-
fully assembled into large-area, spatially ordered, 2D arrays.

Based on 2D origami structures, 3D helical architectures of me-
tal nanoparticles can also be created. Shen et al. [99] presented a
strategy to obtain 3D plasmonic helix architecture of AuNSs via
transformation of 2D rectangular DNA origami sheet (Fig. 4). First,
rectangular DNA origami structure was designed with fifteen bind-
ing sites. The binding sites were distributed along two linear chains

on one side of the origami template with well-controlled spacing.
Simultaneously, the sequences of the two long sides of the rectan-
gular origami template were modified to be complementary to
those of the folding DNA strands (panel I). Then, 10 nm or 13 nm
AuNSs fully covered with thiolated DNA strands were attached to
the binding sites and displayed 2D parallel configuration (panel
II). Upon the addition of the folding strands, the rectangular ori-
gami sheets were rolled up, resulting in the formation of hollow
DNA origami tube with 3D helical geometry of the AuNSs (panel
III). TEM micrographs (Fig. 4b) and the significant circular dichro-
ism signals (Fig. 4c) around the plasmonic resonance of the AuNSs
demonstrated the formation of plasmonic chiral structures.

In addition to 2D DNA origami sheet, 3D DNA origami architec-
tures were also utilized to organize metal nanoparticles. Kuzyk
et al. [100] designed a 24-helix DNA origami bundle for the high-
yield production of left- and right-handed nanohelices consisting
of nine AuNSs. The helical structures obtained exhibited defined
CD signals and optical rotatory dispersion effects at visible region,
which were in agreement with the theoretical predictions [101].
Furthermore, electroless deposition was used to grow a thin layer
of Ag shell on the assembled AuNSs. Strong coupling effect and reg-
ulated CD in the blue spectral region corresponding to surface plas-
mon frequency of Ag were achieved because the Ag coating
generated enlarged particles and reduced spacing between parti-
cles. Zhao et al. [102] succeeded in encapsulating AuNSs into a
3D honeycomb-pleated DNA origami nanocage with an outer
dimension of 41 nm ! 30 nm ! 21 nm and an inner dimension of
10 nm ! 10 nm ! 21 nm (Fig. 5). Both of the 5 nm and 10 nm AuN-
Ss covered with 15-nucleotides single strand DNA (ssDNA) were
readily accommodated into the inner cavity bearing three or four
capture strands, with the yield higher than 90%. When the size of
the AuNSs reached up to 15 nm that was larger than the theoretical
size of the inner cavity, the encapsulation efficiency was about 68%.
The successful encapsulation of 15-nm AuNP into the cavity indi-
cated the inherent flexibility of the DNA origami structures. Be-
sides the inner cavity of the DNA origami nanocage, the outer
surface designed with capture strands could also be utilized to
assemble AuNSs. TEM micrographs demonstrated one to four AuN-
Ss were well organized by virtue of the inner and outer surfaces of
the nanocage.

Recently, Acuna et al. [103] reported a DNA-directed self-
assembled nanoantenna that was made up of a DNA origami pillar
with one or two AuNSs (Fig. 6). The DNA origami was composed of
a pole of 12-helix bundles and a base formed by three 6-helix

Fig. 4. 3D Helical AuNPs array constructed via 2D rectangular DNA origami. (a) Schematic representations of the system. (b) TEM micrographs of the 3D AuNPs helices after
rolling up. All scale bars are 10 nm. (c) Circular dichroism signals of the plasmonic chiral helical structures. Adapted with permission from Ref. [99]. Copyright 2012. American
Chemical Society.
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platforms for the analysis of protein–protein interactions and
the creation of enzyme cascades.

2.1. Approach to spatial positioning of proteins

DNA origami tiles have been used for the precise positioning
of proteins.[15] One example is the use of a rectangular DNA or-
igami tile to assemble thrombin and protein derived growth
factor (PDGF) by using protein specific aptamers (Figure 2 A).
Linear and “S”-shaped arrangements of aptamers afforded
such controlled assembly, and provide a route to dictate dis-
tance-dependent protein–protein interactions. Site-specific
protein assembly on DNA origami tiles has also been achieved
through the incorporation of benzylguanine (BG) and chloro-
hexane (CH) groups[16] to staple strands involved in the forma-
tion of the origami tile (Figure 2 B). These groups were used to
bind fusion proteins containing Snap-tags (O6-alkylguanine-
DNA-alkyltransferase)[17] or Halo-tags (haloalkane dehaloge-
nase)[18] respectively. Placement of proteins at specific points
was demonstrated by using a face-shaped DNA origami tile de-
signed to contain the modified groups at positions represent-
ing the eyes (two sets of three CH-modified strands), nose
(four biotin-modified strands) and mouth (four BG-modified
strands).[16] Protein coupling strategies such as this provide a
way to create desired protein arrangements on a DNA scaffold.

Another strategy to recruit proteins to specific locations on
DNA origami scaffolds uses zinc-finger proteins (ZFP) as adap-
tors (Figure 2 C). ZFPs are DNA-binding proteins that can be

designed to bind to specific DNA sequences.[19] In one such
example, DNA origami tiles with rectangular cavities at the
center were designed to contain sequences at specific sites
within the cavities in order to bind ZFPs.[20] Proteins specific to
these ZFPs are recruited to particular locations within the cavi-
ties on the tile. This can also be achieved by conjugating the
protein of interest to ZFPs, and the fused complex can then be
positioned at specific locations on the origami tile (those that
contain the 10-nt DNA sequence specific to the respective
ZFP).

2.2. Reversible protein arrangements

DNA nanostructures not only allow the site-specific arrange-
ment of proteins but also offer the flexibility of reversible
attachment of proteins or other functional molecules. One ex-
ample is the reversible attachment of streptavidin on DNA ori-
gami tiles containing nanoscale wells.[21] This “punched DNA
nanotape” was designed to contain wells that were tagged
with biotin groups. Addition of streptavidin resulted in recruit-
ment of the protein molecules to the wells, thereby leading to
a protein array with a positioning resolution of approximately
28 nm (the distance between biotin-tagged wells). By using
a toehold-mediated strand-displacement process, the attached
proteins can be triggered to leave the origami tile. For exam-
ple, a toehold-containing biotin-modified staple strand in the
punched DNA nanotape was removed by the addition of
“unset strands”.[22] In this process, toehold-mediated strand dis-

Figure 2. Origami-based protein arrangements and interactions. A) Aptamer-based positioning of proteins.[15] B) Site-specific coupling of fusion proteins on an
origami tile with chemical ligands.[16] C) Protein assembly using zinc-finger-binding proteins.[20] D) Reversible protein assembly based on toehold-mediated
strand displacement.[22] E) Analysis of distance-specific aptamer–protein interaction.[23]

ChemBioChem 2016, 17, 1081 – 1089 www.chembiochem.org ⌫ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1082
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Single-Molecule Protein Encapsulation in a Rigid
DNA Cage**

Christoph M. Erben, Russell P. Goodman, and
Andrew J. Turberfield*

Herein, we demonstrate the encapsulation of a single
molecule of cytochrome c within a rigid tetrahedral cage
made of DNA. Encapsulation can be used to exert control
over a guest molecule:[1] confinement within chaperone
complexes promotes protein folding,[2] while synthetic cages
have been used to stabilize reactive intermediates,[3] catalyze
reactions,[4] and influence the conformation of peptides.[5]

Containers on all scales down to the molecular level have
been used to protect and target the delivery of drugs.[6]

Capsules that could contain single proteins include multi-
meric fusion proteins,[7] viral capsids,[8] and DNA poly-
hedra.[9–11] DNA polyhedra are cagelike structures with
edges formed from rigid double helices connected by
branch junctions;[12] their dimensions are comparable to
those of proteins and protein complexes. DNA tetrahedra
are particularly attractive candidates for the encapsulation of
other molecules: they can be made rapidly and in high yield
by self-assembly, their braced architecture confers structural
stability, and they can be opened by breaking bars of the
cage.[11]

DNA tetrahedra were made by self-assembly of four
oligonucleotides as described by Goodman et al.,[11a] and their
structure is illustrated in Figure 1a. Each edge of a tetrahe-
dron is a 20-base-pair double helix and is linked to the two
edges that it meets at a vertex through unpaired single-
nucleotide spacers: this double connection prevents rotation
of the edge about its axis. The assembly process is stereose-
lective and forms the diastereomer that has the major grooves
facing inwards at the vertices.[11a] Each oligonucleotide runs
around one face. Four of the six edges of the tetrahedron
contain nicks where the ends of an oligonucleotide meet:
these nicks can be ligated or used as sites for chemical
modification. We estimate that the central cavity of the
tetrahedron could accommodate a sphere of radius of
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Clarendon Laboratory
Department of Physics
University of Oxford
Parks Road, Oxford, OX13PU (UK)
Fax: (+ 44)1865-272-400
E-mail: a.turberfield@physics.ox.ac.uk

[**] We thank Jonathan Bath for helpful discussions. This work was
supported by the UK research councils BBSRC, EPSRC, MRC, and
the MoD through the UK Bionanotechnology Interdisciplinary
Research Collaboration, by the Rhodes Trust and the Oxford Life
Sciences Interface Doctoral Training Centre.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Communications

7414 ! 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 7414 –7417

approximately 2.6 nm, corresponding to a globular protein
with a molecular weight of roughly 60 kDa.[13] A model of the
tetrahedron with a molecule of cytochrome c (12.4 kDa)[14]

inside the cavity is shown in Figure 1b.
Horse-heart holo-cytochrome c was conjugated to the

5’ end of oligonucleotide s1 through a surface amine before
assembly of the tetrahedron. This protein–DNA conjugate
was then combined with oligonucleotides s2–s4 to form
tetrahedra with the protein attached to one edge (see
Experimental Section and Supporting Information). The
position of the protein relative to the cage was controlled
by altering the sequence of s1: when one nucleotide is
transferred from the 3’ end of s1 to the 5’ end, then the
attachment point of the protein—the nick in the edge formed
by s1 and s4 where the ends of s1 meet—moves 0.34 nm along
the double-helical edge of the tetrahedron and rotates
clockwise by about 358 about its axis. As the edge is not
free to rotate as a result of the double connection to
neighboring edges, the attachment point of the protein on
the edge determines the position of the protein relative to the
tetrahedron cage. This makes it possible to choose whether

the protein is held on the inside or on the outside of the
tetrahedron. For the diastereomer that is selected by the
assembly process,[11a] the attachment point is on the inside of
the tetrahedron for conjugation at nucleotide 8 and on the
outside at nucleotide 13 (counting in the 5’ to 3’ direction,
with the unpaired nucleotide at the vertex as zero). The
stereoselectivity of the synthesis[11a] is essential to the success
of our strategy, as an attachment point that is on the inside of
one diastereomer would be on the outside of the other.

Polyacrylamide gel electrophoresis (PAGE) was used to
compare a group of 11 tetrahedra with cytochrome c con-
jugated at consecutive positions along one edge from the 5th
to the 15th nucleotide (see Figure 1c). The control lane
labeled “T” contains a tight band corresponding to a DNA
tetrahedron without protein: this band is present in all other
lanes (as a result of the presence of residual unconjugated
oligonucleotides s1) and serves as a reference marker. A
slower band corresponding to protein-conjugated tetrahedra
is also visible; this band is broader, consistent with a
distribution of conformations of the flexible DNA–protein
linker. The mobility of the conjugate varies approximately
sinusoidally with attachment position: the mobility difference
between the conjugate and the unmodified tetrahedron is
maximal for conjugation at nucleotide 13 and minimal for
conjugation at nucleotide 8, that is, five bases further along
the helix corresponding to approximately 1808 rotation about
the edge. When the protein is attached at nucleotide 8, the
conjugate band is not separated from the nonconjugated
control. The mobilities of the constructs with protein attach-
ment at nucleotides 5 and 15, which are separated by one turn
of the double helix, are approximately equal. This pattern is
consistent with the expected helical trajectory of the attach-
ment point along the edge.

To confirm this interpretation tetrahedron T13+, with
cytochrome c conjugated at nucleotide 13, the corresponding
unmodified tetrahedron, T13! and T8+/T8! (not resolved on
non-denaturing gels), were purified on gel and analyzed on
both non-denaturing and denaturing gels (Figure 2a and b).
These tetrahedra differ from those shown in Figure 1c only in
that the unmodified oligonucleotides s2–s4 had been ligated
after assembly of the tetrahedron to form linked circles.
Denaturation of T13! (band C) produces the expected frag-
ments of unmodified tetrahedra: linked circles and single
unmodified linear oligonucleotides (unligated s2–s4 or
unmodified s1; see Supporting Information). Tetrahedron
T13+ (band B) contains one additional band corresponding to
s1 conjugated to cytochrome c, thus confirming that this slow-
migrating construct is the protein conjugate as identified
above. Denaturing gel analysis of T8+/T8! (band D) also
reveals the presence of s1 conjugated to cytochrome c, thus
confirming that T8+/T8! , which is unresolved from an empty
tetrahedron on a non-denaturing gel, is not simply an empty
tetrahedron but does contain the protein.

We conclude that when the protein is attached at
nucleotide 13, it is positioned on the outside of the tetrahe-
dron where it decreases the electrophoretic mobility of the
construct. When it is attached at nucleotide 8, it has minimal
effect on mobility as it is encapsulated within the tetrahedral
cage.

Figure 1. Positioning a protein within a DNA tetrahedron. a) Tetrahe-
dron made from four oligonucleotides s1–s4. The black arrow indicates
the protein attachment site at the 5’ end of s1. b) Molecular model
which shows that cytochrome c can fit inside the tetrahedron.
c) Native polyacrylamide gel showing the variation in electrophoretic
mobility with the position of the attachment site. Control T: unmodi-
fied tetrahedron.
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labeled “T” contains a tight band corresponding to a DNA
tetrahedron without protein: this band is present in all other
lanes (as a result of the presence of residual unconjugated
oligonucleotides s1) and serves as a reference marker. A
slower band corresponding to protein-conjugated tetrahedra
is also visible; this band is broader, consistent with a
distribution of conformations of the flexible DNA–protein
linker. The mobility of the conjugate varies approximately
sinusoidally with attachment position: the mobility difference
between the conjugate and the unmodified tetrahedron is
maximal for conjugation at nucleotide 13 and minimal for
conjugation at nucleotide 8, that is, five bases further along
the helix corresponding to approximately 1808 rotation about
the edge. When the protein is attached at nucleotide 8, the
conjugate band is not separated from the nonconjugated
control. The mobilities of the constructs with protein attach-
ment at nucleotides 5 and 15, which are separated by one turn
of the double helix, are approximately equal. This pattern is
consistent with the expected helical trajectory of the attach-
ment point along the edge.

To confirm this interpretation tetrahedron T13+, with
cytochrome c conjugated at nucleotide 13, the corresponding
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non-denaturing gels), were purified on gel and analyzed on
both non-denaturing and denaturing gels (Figure 2a and b).
These tetrahedra differ from those shown in Figure 1c only in
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unmodified linear oligonucleotides (unligated s2–s4 or
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T13+ (band B) contains one additional band corresponding to
s1 conjugated to cytochrome c, thus confirming that this slow-
migrating construct is the protein conjugate as identified
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reveals the presence of s1 conjugated to cytochrome c, thus
confirming that T8+/T8! , which is unresolved from an empty
tetrahedron on a non-denaturing gel, is not simply an empty
tetrahedron but does contain the protein.

We conclude that when the protein is attached at
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effect on mobility as it is encapsulated within the tetrahedral
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« Particles below 25 nm are subject to filtration in the kidney or uptake in the liver, and 
particles above 150 nm experience increased filtration in the spleen and phagocytosis 
by macrophages » => DNA nanocages are the perfect « nanovehicles » 
 

nanostructures. The activation of receptors of the innate immune sys-
tem by unmodified DNA nanostructures has, however, not yet been
studied in literature. Although IFN-α levels in the blood appear to be un-
affected by DNA origami [62] a better understanding of the interactions
of DNA nanostructures with receptors of the innate immune system
should be of great interest to the field considering the increasing de-
ployment of DNA nanostructures in living cells and animals.

4. Crossing the cell membrane

If DNA nanovehicles survive the travel to their target cells they face
another crucial biological barrier: the cell membrane. It consists of a
phosphor-lipid bilayer containing various lipids, carbohydrates and
membrane proteins, which gate the entry of small and large molecules
into the cell. From extensive research in plasmid and siRNA delivery,
respectively, we know that nucleic acids are seldom taken up by cells
in the absence of transfection agents, due to their size and charge. None-
theless, several DNA nanostructures have been reported to be taken up
by cells, although themechanism of uptake is not clear [55,67,68]. Liang
and coworkers have proposed that tetrahedrons are taken up through
caveolin-dependent receptor mediated endocytosis [69]. The responsi-
ble receptor(s) for this uptake have yet to be identified. In C. elegans,
Krishnan and her team previously reported that it is anionic ligand-
binding receptors that facilitate DNA nanostructure uptake [59].

One of the key strengths of DNA nanovehicles is the ability to pre-
cisely control spatial and stoichiometric arrangement of cell ligands
conjugated to the surface of the structure. Targeting of specific receptors
using cell ligands was first demonstrated byMao and his team using fo-
late to target the folate receptor — a common target in drug delivery.
They found that the amount of folate on DNA nanotubes correlated
with the efficiency of uptake in KB cells [70]. Similarly, Lee and his col-
leagues later showed that at least three folate molecules are required
to efficiently transfect the DNA tetrahedron into KB cells [61]. Using a
2D DNA origami structure, Mikkilä and colleagues were able to control
the conformation of the origami structure by tuning the loading of the
viral capsid proteins from cowpea chlorotic mottle virus. They also
found a positive relationship between the loading of viral capsid pro-
teins and the uptake of the DNA origami structure in HEK293 cells
[71]. Krishnan and her team have showed that transferrin can be used
to shuttle a dynamic DNA complex into IA2.2 cells by interaction with
the transferrin receptor [72], and we recently described a correlation
between number of transferrin molecules attached to a 2D origami
and its cellular uptake [73]. These examples demonstrate that cellular
uptake of DNA nanovehicles can be strongly induced by receptor medi-
ated uptake.

5. Delivery of payload

Once inside the cell, DNA nanovehicles must deliver their therapeu-
tic cargo. This often requires endosomal escape of the nanovehicles
or cargo to enter the cytoplasm. DNA nanostructures, delivered by
receptor-mediated uptake, usually do not escape the endosomal com-
partment [67]. This can be exploited to target the DNA nanovehicles to
endosomal components as reported by Takakura and coworkers who
targeted the endosomal Toll-like receptor TLR9. By incorporating highly
immunogenic unmethylated CpG motifs in a Y-shaped DNA structure
they were able to trigger an innate immune response in RAW 264.7
cells [74]. This particular macrophage cell line takes up unmodified
DNA nanostructures within minutes. Interestingly, the Y-shaped

Fig. 4. The DNA tetrahedron loadedwith drug-likemolecules. a) The DNA tetrahedron is assembled by annealing of 4 ODNs. It consists of three 20 bp sides and three 30 bp sidesmaking it
approximately 7.5 nm or 10.5 nm high depending on the orientation [90]. b) CpG ODNs attached to the vertices of the tetrahedron [77]. c) siRNA attached to the sides of the tetrahedron
[61]. d) doxorubicin interchelates dsDNA of the tetrahedron. Panel a) is reprinted with permission from the publisher.

Fig. 5. Encapsulation of a DNA origami octahedron [63]. A DNA origami is encapsulated by
a lipid bilayer modified with PEG. TEM images show the DNA octahedron inside
liposomes.
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Fig. 5. Encapsulation of a DNA origami octahedron [63]. A DNA origami is encapsulated by
a lipid bilayer modified with PEG. TEM images show the DNA octahedron inside
liposomes.

187A.H. Okholm, J. Kjems / Advanced Drug Delivery Reviews 106 (2016) 183–191

a)  The DNA tetrahedron is assembled by annealing of 4 ODNs. It consists of three 20 bp 
sides and three 30 bp sides making it approximately 7.5 nm or 10.5 nm high  

b)  CpG ODNs attached to the vertices of the tetrahedron  
c)  siRNA attached to the sides of the tetrahedron  
d)  Doxorubicin interchelates dsDNA of the tetrahedron  
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DNA origami for biosensing 

tration of a-thrombin can be sufficient to appreciate a differ-
ent pattern of union of this protein to the TBAs and methyl-
TBA-containing origami.

Based on these preliminary studies, we designed a DNA
origami in which some of the staple strands were modified by
the insertion of TBA1 and TBA2 in the middle, protruding
from the DNA origami surface[17] (see the Supporting
Information, Table S1, for sequences). The staple strands
were arranged asymmetrically along the length of the origami
in a way that allowed the differentiation between methylated/
non-methylated, to enable the observation and quantification
of a-thrombin interaction with the aptamers. For this purpose,
we built a dual-aptamer system composed of two lines of five
TBA1 and TBA2 doublets placed at a distance of about
5.8 nm from each other, increasing the recognition probabil-
ities by at least 10-fold as reported by Rinker et al.[17] The
right double line corresponds to the unmodified dual system,
and the left dual-aptamer line consists of 15 mer methylated-
TBAs and non-modified 29 mer TBAs (Supporting Informa-
tion, Scheme S1). The formation of the DNA origami with the
modified TBA staple strands was performed successfully,
confirming that the addition of a methylated sequence does
not affect its assembly (Supporting Information, Figure S4).

Afterwards, the complex formation between a-thrombin
and the non-methylated/methylated TBA modified origami
was studied. In Figure 1, the asymmetric interaction can be

observed. As expected (Scheme 1a), the complex was only
formed with the native TBAs, whereas in the left line no
interaction was reported, confirming that a-thrombin is not
able to bind the disrupted quadruplex. The study of the
profiles and pixel distribution (Figure 3b) confirms that the
height of the dots in the dual-aptamer is in agreement with the
expected size of a-thrombin (ca. 4 nm in diameter) in
comparison with the height of the origami control (Fig-
ure 3a). We observed that more than 95% of the chemically
modified origami tiles faced pointing towards the solution, in
agreement with data reported by Voigt et al.[4c]

This result is a clear confirmation that the complex
between the dual-aptamer system and a-thrombin is only
formed with the non-methylated TBA, and confirms the

ability of our design to discern between the methylated and
non-methylated state.

To explore the efficiency of our design, we performed
a quantitative study of the binding location of a-thrombin.
From the 160 well-formed DNA origami studied, around
20% of them contained all five a-thrombin molecules in
positions coinciding with unmodified TBA and almost none in
the methylated line. In all, more than 93% of the DNA arrays
contained at least 1 a-thrombin attached to the unmodified
TBAs (see the Supporting Information).

We then intended to repair the O6-methylguanine of the
TBA-containing staple strands by hAGT. For this purpose,
the methyl-TBA-staple strands were incubated with hAGT.
hAGT was removed and the resulting strands were used to
assemble the DNA origami (see Materials and Methods in the
Supporting Information). The recovery of the chair-like
structure of the now demethylated 15mer was expected,
leading to the binding of a-thrombin to both dual-aptamers,
as the two of them contain the native 15 and 29mer TBAs.

The binding of a-thrombin in both dual-aptamers is shown
in Figure 2, confirming the repair of the alkylated guanine by
hAGT. Upon quantitative exploration of the binding, we can
conclude that a-thrombin binds with equal contingency in
both lines of the origami, with no significant tendency (p<
0.5) for any of the dual systems composed by TBA1 and
TBA2. The study of the height profiles corroborated the
theoretical height of the a-thrombin on both dual-aptamers
(Figure 3c). Furthermore, we titrated hAGT (0 to 10-fold
origami:hAGT; see the Supporting Information) against
methyl-TBA staples and incorporated these staples into the
DNA origami. The results showed that a-thrombin binding to
the methylated/repair side was clearly dependent on hAGT
concentration (Supporting Information, Figures S10 and
S11).

In summary, we have developed a new method to study
the DNA repair activity of hAGT. To the best of our

Figure 1. a),b) AFM images (scale bars 200nm (a), 100 nm (b)) of the
interaction of a-thrombin with the origami. The interaction can be
observed as white aligned dots deposited over the origami surfaces.
The complex was only formed with the native TBAs (right line; see
inserts in (a) for more details), whereas in the left line, in which the
15mer TBA carried an O6-methylguanine, no interaction was observed.

Scheme 1. a) Representation of the asymmetric binding of a-thrombin
to TBA aptamers of methylated DNA origami. b) Methyl-TBA repair by
hAGT, thus allowing G-quadruplex formation. c) Representation of the
symmetric binding of a-thrombin to the repaired DNA origami quad-
ruplexes.
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knowledge, this is the first time the enzymatic activity of
hAGT has been visualized on an origami platform. This study
combines the capabilities of the a-thrombin recognition/
binding to TBA and the single-molecule features of the DNA
origami applied to the detection of DNA repair. The system
appears to be extremely effective and reliable, and the results
are clearly visualized by AFM. Their consistency suggests that
our system could be further evolved to design hAGT activity

assays for the identification of potential inhibitors as chemo-
therapy enhancers and for the study of other DNA repair
enzymes. The application of the DNA origami as a platform
for single-molecule recognition opens the door for the
development of new biosensors for the detection of a variety
of complexes and the activity of other proteins. Finally, it can
also contribute to the study of other DNA lesions that affect
G-quadruplexes. This in turn would increase our knowledge
on the effect of DNA damage in biologically relevant G-
quadruplex structures.[18]

Experimental Section
Standard oligonucleotides were purchased from Sigma. Modified
staple strands were synthesized on a DNA synthesizer following
standard methods. All of the oligonucleotides sequences are detailed
in the Supporting Information. Full-length hAGT was overexpressed
and purified as previously described.[10e] A mixture of the modified
staple strands containing the methylated 15-mer TBA sequence were

left to react with hAGT. DNA origami tiles
were assembled following the method devel-
oped by Rothemund.[1] A sufficient amount of
a-thrombin was added and left to equilibrate
before imaging. Images were acquired in
tapping mode in liquid environment using
triangular-shaped AFM probes and their anal-
ysis was performed using NanoScope Analysis
Version 1.40. All of the experiments were
performed in triplicate. Statistical compari-
sons of the binding performance were done
according to Student!s t distribution.
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Figure 2. Symmetric binding of a-thrombin to the origami after the
repair of the methylation in the TBA1 (left line). The bottom-right
panel shows the 3D profile of an origami with all its binding positions
occupied by a-thrombin.

Figure 3. Distribution of heights, corresponding AFM images, and their cross-sections. a) TBA-
origami. b) a-thrombin methyl-TBA origami complex. c) a-thrombin complex with demethylated
TBA origami.
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conformation of a DNA G-quadruplex to visually detect by AFM the change in its 
binding affinity to a-thrombin.  
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DNA origami as pH sensor 

Under acidic conditions, nine pairs of 12-mer i-binders (5'-
AACCCCAACCCC-3') attached to the levers of DNA Origami Pliers form i-motif 
quadruplexes by protonation of the cytidines.  
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number of motifs in the AFM images (Table S2) are shown in Figure 3. Nearly 80% of DNA Origami 
Pliers was in open cross form (yellow bar), and the yields of antiparallel and parallel closed forms 
were 17% and 6%, respectively. These numbers are in quite good accordance with our previous  
results [19,21]. Similar distribution, but with slight increase of parallel closed form in exchange for 
open cross form, was obtained when the pH was lowered to 7.0 (Figure 2b). Landscape of AFM 
images under acidic conditions significantly altered as shown in Figure 2c. Here, most of DNA 
Origami Pliers took parallel closed form in MES/Mg2+ buffer at pH 5.6. Almost 87% of observed 
motifs were in parallel closed form, and the yield of open cross form was only 12%. This large 
difference is solely caused by pH difference, not by the alteration of buffer compound; since parallel 
closed form was also dominant in HEPES buffered solution at pH 6.0 (Figure 3). It is obvious that the 
threshold of the closing of DNA Origami Pliers exists between pH 7 and 6. 

Figure 1. Schematic illustration of the present system. Under acidic conditions, nine pairs 
of 12-mer i-binders (5'-AACCCCAACCCC-3') attached to the levers of DNA Origami 
Pliers form i-motif quadruplexes by protonation of the cytidines.  

 

Figure 2. Atomic force microscopy (AFM) images of DNA Origami Pliers deposited  
on mica at pH 8.2 (a); pH 7.0 (b); and pH 5.6 (c). Insets: 150% magnified view of  
typical motifs. 
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DNA origami as pH sensor 

Atomic force microscopy (AFM) images of DNA Origami Pliers deposited on 
mica at pH 8.2 (a); pH 7.0 (b); and pH 5.6 (c). Insets: 150% magnified view of 
typical motifs.   
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DNA based « lego » 

Three-Dimensional Structures
Self-Assembled from DNA Bricks
Yonggang Ke,1,2,3 Luvena L. Ong,1,4 William M. Shih,1,2,3 Peng Yin1,5*

We describe a simple and robust method to construct complex three-dimensional (3D) structures by
using short synthetic DNA strands that we call “DNA bricks.” In one-step annealing reactions, bricks
with hundreds of distinct sequences self-assemble into prescribed 3D shapes. Each 32-nucleotide
brick is a modular component; it binds to four local neighbors and can be removed or added
independently. Each 8–base pair interaction between bricks defines a voxel with dimensions of
2.5 by 2.5 by 2.7 nanometers, and a master brick collection defines a “molecular canvas” with
dimensions of 10 by 10 by 10 voxels. By selecting subsets of bricks from this canvas, we
constructed a panel of 102 distinct shapes exhibiting sophisticated surface features, as well as
intricate interior cavities and tunnels.

Self-assembly of nucleic acids (DNA and
RNA) provides a powerful approach for
constructing sophisticated synthetic mo-

lecular structures and devices (1–31). Structures
have been designed by encoding sequence com-
plementarity in DNA strands in such a manner
that by pairing up complementary segments,
the strands self-organize into a prescribed tar-
get structure under appropriate physical condi-
tions (1). From this basic principle, researchers
have created diverse synthetic nucleic acid struc-
tures (27–30) such as lattices (4, 6, 8–10, 25),
ribbons (15), tubes (6, 15, 25, 26), finite two-
dimensional (2D) and 3D objects with defined
shapes (2, 9–11, 13, 16–19, 22, 23, 26), and
macroscopic crystals (20). In addition to static
structures, various dynamic systems have been
constructed (31), including switches (5), walkers
(7, 14, 21), circuits (12, 14, 24), and triggered as-
sembly systems (14). Additionally, because DNA
and RNA can be interfaced with other functional
molecules in a technologically relevant fashion,
synthetic nucleic acid structures promise diverse
applications; researchers are using nucleic acid
structures and devices to direct spatial arrange-
ment of functional molecules (6, 25, 32–34),
facilitate protein structure determination (35),
develop bioimaging probes (33, 34), study single-
molecule biophysics (36), and modulate bio-
synthetic and cell-signaling pathways (25, 37).

An effective method for assembling megadalton
nanoscale 2D (11) and 3D shapes (16–19, 23) is

DNA origami (29), in which a long “scaffold”
strand (often a viral genomic DNA) is folded to
a predesigned shape via interactions with hun-
dreds of short “staple” strands. However, each
distinct shape typically requires a new scaffold
routing design and the synthesis of a different
set of staple strands. In contrast, construction from
standardized small components (such as DNA
tiles) that each can be included, excluded, or re-
placed without altering the rest of the structure—
modular assembly—offers a simpler approach
to constructing shapes. In addition, if all compo-
nents are short strands that can be chemically
synthesized, the resulting structures would have
greater chemical diversity than DNA origami,
which typically contains half biological material
(the scaffold) in mass and half synthetic material
(the staples). A variety of structures have been as-
sembled by using DNA (3, 4, 6, 8, 10, 13, 15, 20)
and RNA (9, 22, 25) tiles, including periodic
(4, 6, 25) and algorithmic (8) 2D lattices, extended
ribbons (15) and tubes (6, 15, 25), 3D crystals (20),
polyhedra (13, 22), and finite 2D shapes (9, 10).
However, modular self-assembly of finite-sized,
discrete DNA structures has generally lacked the
complexity that DNA origami can offer.

Only recently have researchers demonstrated
finite complex 2D shapes (26) self-assembled
from hundreds of distinct single-stranded tiles
(SSTs) (15). Unlike a traditional multistranded tile
(3, 4, 6, 8–10, 13, 20, 25), which is a well-folded,
compact structure displaying several sticky ends,
an SST is a floppy single-strand DNA composed
entirely of concatenated sticky ends. In one-pot
reactions, hundreds of SSTs self-assemble into
desired target structures mediated by inter-tile
binding interactions; no scaffold strand is re-
quired. The simplicity and modularity of this
approach allowed the authors to build more than
100 distinct shapes by selecting subsets of tiles
from a common 2D “molecular canvas.” This
latest success has challenged previous thinking
that modular components, such as DNA tiles,
are not suitable for assembling complex, singu-

larly addressable shapes (38). This presumption
was largely based on a supposed technically
challenging requirement for perfect strand stoi-
chiometry (the relative ratio of the strands). De-
viations from equality were expected to result
in predominating partial structure formation (38).
The surprising success of SST assembly may
have bypassed this challenge via putative slow
and sparse nucleation followed by fast growth
(26), so that a large number of particles com-
plete their formation well before depletion of the
component strand pool.

Here, we generalize the concept of single-
stranded “tiles” to “bricks” and thus extend our
modular-assembly method from 2D to 3D. A
canonical DNA brick is a 32-nucleotide (nt) sin-
gle strand with four 8-nt binding domains (sticky
ends). In simple one-step annealing reactions, pre-
scribed target 3D structures self-assemble robust-
ly from hundreds of unpurified brick strands that
are mixed together with no tight control of stoi-
chiometry. The modularity of our method en-
abled the construction of 102 distinct structures
by simply selecting subsets of bricks from a com-
mon 3D cuboid molecular canvas consisting of
1000 voxels (fig. S1) (39); each voxel fits 8 base
pairs (bp) andmeasures approximately 2.5 by 2.5
by 2.7 nm. These structures include solid shapes,
with sophisticated geometries and surface pat-
terns and hollow shapes, with intricate tunnels and
enclosed cavities. Additionally, we have constructed
structures with alternative packing geometries or
using noncanonical brick motifs, demonstrating
themethod’s versatility. The work here thus estab-
lishes DNA bricks as a simple, robust, modular,
and versatile framework for constructing complex
3D nanostructures by using only short synthetic
DNA strands. More generally, it demonstrates
how complex 3D molecular structures can be as-
sembled from small, modular components medi-
ated strictly by local binding interactions.

Design of DNA-Brick Structures
and a 3D Molecular Canvas
In our design, a DNA brick is a 32-nt strand that
we conceptualize as four consecutive 8-nt do-
mains (Fig. 1A). Each DNA brick bears a dis-
tinct nucleotide sequence. All DNA bricks adopt
an identical shape when incorporated into the tar-
get structure: two 16-nt antiparallel helices joined
by a single phosphate linkage. The two domains
adjacent to the linkage are designated as “head”
domains, and the other two are designated as “tail”
domains. A DNA brick with a tail domain bear-
ing sequence “a” can interact productively with a
neighboring brick with a complementary “a*” head
domain in a stereospecific fashion. Each pairing
between bricks defines three parallel helices packed
to produce a 90° dihedral angle (Fig. 1B, top); this
angle derives from the approximate 3/4 right-
handed helical twist of 8 bp of DNA.

We introduce a LEGO-like model to depict the
design in a simple manner (Fig. 1B, bottom). The
model intentionally overlooks the detailed helical
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Three-Dimensional Structures
Self-Assembled from DNA Bricks
Yonggang Ke,1,2,3 Luvena L. Ong,1,4 William M. Shih,1,2,3 Peng Yin1,5*

We describe a simple and robust method to construct complex three-dimensional (3D) structures by
using short synthetic DNA strands that we call “DNA bricks.” In one-step annealing reactions, bricks
with hundreds of distinct sequences self-assemble into prescribed 3D shapes. Each 32-nucleotide
brick is a modular component; it binds to four local neighbors and can be removed or added
independently. Each 8–base pair interaction between bricks defines a voxel with dimensions of
2.5 by 2.5 by 2.7 nanometers, and a master brick collection defines a “molecular canvas” with
dimensions of 10 by 10 by 10 voxels. By selecting subsets of bricks from this canvas, we
constructed a panel of 102 distinct shapes exhibiting sophisticated surface features, as well as
intricate interior cavities and tunnels.

Self-assembly of nucleic acids (DNA and
RNA) provides a powerful approach for
constructing sophisticated synthetic mo-

lecular structures and devices (1–31). Structures
have been designed by encoding sequence com-
plementarity in DNA strands in such a manner
that by pairing up complementary segments,
the strands self-organize into a prescribed tar-
get structure under appropriate physical condi-
tions (1). From this basic principle, researchers
have created diverse synthetic nucleic acid struc-
tures (27–30) such as lattices (4, 6, 8–10, 25),
ribbons (15), tubes (6, 15, 25, 26), finite two-
dimensional (2D) and 3D objects with defined
shapes (2, 9–11, 13, 16–19, 22, 23, 26), and
macroscopic crystals (20). In addition to static
structures, various dynamic systems have been
constructed (31), including switches (5), walkers
(7, 14, 21), circuits (12, 14, 24), and triggered as-
sembly systems (14). Additionally, because DNA
and RNA can be interfaced with other functional
molecules in a technologically relevant fashion,
synthetic nucleic acid structures promise diverse
applications; researchers are using nucleic acid
structures and devices to direct spatial arrange-
ment of functional molecules (6, 25, 32–34),
facilitate protein structure determination (35),
develop bioimaging probes (33, 34), study single-
molecule biophysics (36), and modulate bio-
synthetic and cell-signaling pathways (25, 37).

An effective method for assembling megadalton
nanoscale 2D (11) and 3D shapes (16–19, 23) is

DNA origami (29), in which a long “scaffold”
strand (often a viral genomic DNA) is folded to
a predesigned shape via interactions with hun-
dreds of short “staple” strands. However, each
distinct shape typically requires a new scaffold
routing design and the synthesis of a different
set of staple strands. In contrast, construction from
standardized small components (such as DNA
tiles) that each can be included, excluded, or re-
placed without altering the rest of the structure—
modular assembly—offers a simpler approach
to constructing shapes. In addition, if all compo-
nents are short strands that can be chemically
synthesized, the resulting structures would have
greater chemical diversity than DNA origami,
which typically contains half biological material
(the scaffold) in mass and half synthetic material
(the staples). A variety of structures have been as-
sembled by using DNA (3, 4, 6, 8, 10, 13, 15, 20)
and RNA (9, 22, 25) tiles, including periodic
(4, 6, 25) and algorithmic (8) 2D lattices, extended
ribbons (15) and tubes (6, 15, 25), 3D crystals (20),
polyhedra (13, 22), and finite 2D shapes (9, 10).
However, modular self-assembly of finite-sized,
discrete DNA structures has generally lacked the
complexity that DNA origami can offer.

Only recently have researchers demonstrated
finite complex 2D shapes (26) self-assembled
from hundreds of distinct single-stranded tiles
(SSTs) (15). Unlike a traditional multistranded tile
(3, 4, 6, 8–10, 13, 20, 25), which is a well-folded,
compact structure displaying several sticky ends,
an SST is a floppy single-strand DNA composed
entirely of concatenated sticky ends. In one-pot
reactions, hundreds of SSTs self-assemble into
desired target structures mediated by inter-tile
binding interactions; no scaffold strand is re-
quired. The simplicity and modularity of this
approach allowed the authors to build more than
100 distinct shapes by selecting subsets of tiles
from a common 2D “molecular canvas.” This
latest success has challenged previous thinking
that modular components, such as DNA tiles,
are not suitable for assembling complex, singu-

larly addressable shapes (38). This presumption
was largely based on a supposed technically
challenging requirement for perfect strand stoi-
chiometry (the relative ratio of the strands). De-
viations from equality were expected to result
in predominating partial structure formation (38).
The surprising success of SST assembly may
have bypassed this challenge via putative slow
and sparse nucleation followed by fast growth
(26), so that a large number of particles com-
plete their formation well before depletion of the
component strand pool.

Here, we generalize the concept of single-
stranded “tiles” to “bricks” and thus extend our
modular-assembly method from 2D to 3D. A
canonical DNA brick is a 32-nucleotide (nt) sin-
gle strand with four 8-nt binding domains (sticky
ends). In simple one-step annealing reactions, pre-
scribed target 3D structures self-assemble robust-
ly from hundreds of unpurified brick strands that
are mixed together with no tight control of stoi-
chiometry. The modularity of our method en-
abled the construction of 102 distinct structures
by simply selecting subsets of bricks from a com-
mon 3D cuboid molecular canvas consisting of
1000 voxels (fig. S1) (39); each voxel fits 8 base
pairs (bp) andmeasures approximately 2.5 by 2.5
by 2.7 nm. These structures include solid shapes,
with sophisticated geometries and surface pat-
terns and hollow shapes, with intricate tunnels and
enclosed cavities. Additionally, we have constructed
structures with alternative packing geometries or
using noncanonical brick motifs, demonstrating
themethod’s versatility. The work here thus estab-
lishes DNA bricks as a simple, robust, modular,
and versatile framework for constructing complex
3D nanostructures by using only short synthetic
DNA strands. More generally, it demonstrates
how complex 3D molecular structures can be as-
sembled from small, modular components medi-
ated strictly by local binding interactions.

Design of DNA-Brick Structures
and a 3D Molecular Canvas
In our design, a DNA brick is a 32-nt strand that
we conceptualize as four consecutive 8-nt do-
mains (Fig. 1A). Each DNA brick bears a dis-
tinct nucleotide sequence. All DNA bricks adopt
an identical shape when incorporated into the tar-
get structure: two 16-nt antiparallel helices joined
by a single phosphate linkage. The two domains
adjacent to the linkage are designated as “head”
domains, and the other two are designated as “tail”
domains. A DNA brick with a tail domain bear-
ing sequence “a” can interact productively with a
neighboring brick with a complementary “a*” head
domain in a stereospecific fashion. Each pairing
between bricks defines three parallel helices packed
to produce a 90° dihedral angle (Fig. 1B, top); this
angle derives from the approximate 3/4 right-
handed helical twist of 8 bp of DNA.

We introduce a LEGO-like model to depict the
design in a simple manner (Fig. 1B, bottom). The
model intentionally overlooks the detailed helical
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structure and strand polarity but preserves the as-
pect ratios and some of the orientational con-
straints on interactions between DNA bricks: The
two protruding round plugs, pointing in the same
direction as the helical axes, represent the two tail
domains; the two connected cubes with recessed
round holes represent the two head domains.A brick
must adopt one of two classes of orientation, hori-
zontal or vertical (Fig. 1B). The two bricks connect
to form a 90° angle via hybridization, represented
as the insertion of a plug into a hole. An insertion is
only allowed between a plug and a hole that carry
complementary sequences with matching polar-
ity (which is not graphically depicted in the cur-
rent model for expositional simplicity). In fig. S2,
we present a more detailed LEGO-like model that
explicitly tracks the polarity of the DNA bricks
and their stereospecific interaction pattern.

Structural periodicities of the design are il-
lustrated in a 6H (helix) by 6H (helix) by 48B
(bp) cuboid structure (Fig. 1, C and D). Bricks

can be grouped into 8-bp layers that contain their
head domains. Bricks follow a 90° counterclock-
wise rotation along successive 8-bp layers, re-
sulting in a repeating unit with consistent brick
orientation and arrangement every four layers.
For example, the first and fifth 8-bp layers in
Fig. 1D share the same arrangement of bricks.
Within an 8-bp layer, all bricks share the same
orientation and form a staggered arrangement
to tile the layer. On the boundary of each layer,
some DNA bricks are bisected to half-bricks,
representing a single helix with two domains.
The cuboid is self-assembled from DNA bricks
in a one-step reaction. Each brick carries a par-
ticular sequence that directs it to fit only to its
predesigned position. Because of its modular
architecture, a predesigned DNA brick structure
can be used for construction of smaller custom
shapes assembled from subsets of DNA bricks
(Fig. 1E). Detailed strand diagrams for the DNA
brick structures are provided in figs. S3 and S4.

3D molecular canvas. The LEGO-like model
can be further abstracted to a 3D model that con-
tains only positional information of each 8-bp
duplex. A 10H by 10H by 80B cuboid is concep-
tualized as a 3D molecular canvas that contains
10 by 10 by 10 voxels. Each voxel fits an 8-bp
duplex and measures 2.5 by 2.5 by 2.7 nm (Fig.
1F). Based on the 3D canvas, a computer program
first generates a full set of DNA bricks, including
full-bricks and half-bricks that can be used to build
a prescribed custom shape. Using 3D modeling
software, a designer then needs only to define the
target shapes by removing unwanted voxels from
the 3D canvas—a process resembling 3D sculpt-
ing. Subsequently, the computer program analyzes
the shape and automatically selects the correct
subset of bricks for self-assembly of the shape.

Self-Assembly of DNA-Brick Cuboid Structures
Using the above design strategy, we constructed
a wide range of DNA brick structures (39 ). We

A

Domain 2 Domain 1

Domain 3 Domain 4

B
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Fig. 1. Design of DNA brick structures analogous to structures built of LEGO®

bricks. (A) A 32-nt four-domain single-stranded DNA brick. Each domain is
8 nt in length. The connected domains 2 and 3 are “head” domains; domains
1 and 4 are “tail” domains. (B) Each two-brick assembly forms a 90° dihedral
angle via hybridization of two complementary 8-nt domains “a” and “a*”. (C)
A molecular model that shows the helical structure of a 6H by 6H by 48B
cuboid 3D DNA structure. Each strand has a particular sequence, as indicated
by a distinct color. The inset shows a pair of bricks. (D) A LEGO-like model of

the 6H by 6H by 48B cuboid. Each brick has a particular sequence. The color
use is consistent with (B). Half bricks are present on the boundary of each
layer. (E) The 6H by 6H by 48B cuboid is self-assembled from DNA bricks. The
bricks are not interchangeable during self-assembly because of the distinct
sequence of each brick. Using the 6H by 6H by 48B as a 3D molecular canvas,
a smaller shape can be designed by using a subset of the bricks. (F) 3D shapes
designed from a 10 by 10 by 10–voxel 3D canvas; each voxel fits 8 bp (2.5 nm
by 2.5 nm by 2.7 nm).
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Three-Dimensional Structures
Self-Assembled from DNA Bricks
Yonggang Ke,1,2,3 Luvena L. Ong,1,4 William M. Shih,1,2,3 Peng Yin1,5*

We describe a simple and robust method to construct complex three-dimensional (3D) structures by
using short synthetic DNA strands that we call “DNA bricks.” In one-step annealing reactions, bricks
with hundreds of distinct sequences self-assemble into prescribed 3D shapes. Each 32-nucleotide
brick is a modular component; it binds to four local neighbors and can be removed or added
independently. Each 8–base pair interaction between bricks defines a voxel with dimensions of
2.5 by 2.5 by 2.7 nanometers, and a master brick collection defines a “molecular canvas” with
dimensions of 10 by 10 by 10 voxels. By selecting subsets of bricks from this canvas, we
constructed a panel of 102 distinct shapes exhibiting sophisticated surface features, as well as
intricate interior cavities and tunnels.

Self-assembly of nucleic acids (DNA and
RNA) provides a powerful approach for
constructing sophisticated synthetic mo-

lecular structures and devices (1–31). Structures
have been designed by encoding sequence com-
plementarity in DNA strands in such a manner
that by pairing up complementary segments,
the strands self-organize into a prescribed tar-
get structure under appropriate physical condi-
tions (1). From this basic principle, researchers
have created diverse synthetic nucleic acid struc-
tures (27–30) such as lattices (4, 6, 8–10, 25),
ribbons (15), tubes (6, 15, 25, 26), finite two-
dimensional (2D) and 3D objects with defined
shapes (2, 9–11, 13, 16–19, 22, 23, 26), and
macroscopic crystals (20). In addition to static
structures, various dynamic systems have been
constructed (31), including switches (5), walkers
(7, 14, 21), circuits (12, 14, 24), and triggered as-
sembly systems (14). Additionally, because DNA
and RNA can be interfaced with other functional
molecules in a technologically relevant fashion,
synthetic nucleic acid structures promise diverse
applications; researchers are using nucleic acid
structures and devices to direct spatial arrange-
ment of functional molecules (6, 25, 32–34),
facilitate protein structure determination (35),
develop bioimaging probes (33, 34), study single-
molecule biophysics (36), and modulate bio-
synthetic and cell-signaling pathways (25, 37).

An effective method for assembling megadalton
nanoscale 2D (11) and 3D shapes (16–19, 23) is

DNA origami (29), in which a long “scaffold”
strand (often a viral genomic DNA) is folded to
a predesigned shape via interactions with hun-
dreds of short “staple” strands. However, each
distinct shape typically requires a new scaffold
routing design and the synthesis of a different
set of staple strands. In contrast, construction from
standardized small components (such as DNA
tiles) that each can be included, excluded, or re-
placed without altering the rest of the structure—
modular assembly—offers a simpler approach
to constructing shapes. In addition, if all compo-
nents are short strands that can be chemically
synthesized, the resulting structures would have
greater chemical diversity than DNA origami,
which typically contains half biological material
(the scaffold) in mass and half synthetic material
(the staples). A variety of structures have been as-
sembled by using DNA (3, 4, 6, 8, 10, 13, 15, 20)
and RNA (9, 22, 25) tiles, including periodic
(4, 6, 25) and algorithmic (8) 2D lattices, extended
ribbons (15) and tubes (6, 15, 25), 3D crystals (20),
polyhedra (13, 22), and finite 2D shapes (9, 10).
However, modular self-assembly of finite-sized,
discrete DNA structures has generally lacked the
complexity that DNA origami can offer.

Only recently have researchers demonstrated
finite complex 2D shapes (26) self-assembled
from hundreds of distinct single-stranded tiles
(SSTs) (15). Unlike a traditional multistranded tile
(3, 4, 6, 8–10, 13, 20, 25), which is a well-folded,
compact structure displaying several sticky ends,
an SST is a floppy single-strand DNA composed
entirely of concatenated sticky ends. In one-pot
reactions, hundreds of SSTs self-assemble into
desired target structures mediated by inter-tile
binding interactions; no scaffold strand is re-
quired. The simplicity and modularity of this
approach allowed the authors to build more than
100 distinct shapes by selecting subsets of tiles
from a common 2D “molecular canvas.” This
latest success has challenged previous thinking
that modular components, such as DNA tiles,
are not suitable for assembling complex, singu-

larly addressable shapes (38). This presumption
was largely based on a supposed technically
challenging requirement for perfect strand stoi-
chiometry (the relative ratio of the strands). De-
viations from equality were expected to result
in predominating partial structure formation (38).
The surprising success of SST assembly may
have bypassed this challenge via putative slow
and sparse nucleation followed by fast growth
(26), so that a large number of particles com-
plete their formation well before depletion of the
component strand pool.

Here, we generalize the concept of single-
stranded “tiles” to “bricks” and thus extend our
modular-assembly method from 2D to 3D. A
canonical DNA brick is a 32-nucleotide (nt) sin-
gle strand with four 8-nt binding domains (sticky
ends). In simple one-step annealing reactions, pre-
scribed target 3D structures self-assemble robust-
ly from hundreds of unpurified brick strands that
are mixed together with no tight control of stoi-
chiometry. The modularity of our method en-
abled the construction of 102 distinct structures
by simply selecting subsets of bricks from a com-
mon 3D cuboid molecular canvas consisting of
1000 voxels (fig. S1) (39); each voxel fits 8 base
pairs (bp) andmeasures approximately 2.5 by 2.5
by 2.7 nm. These structures include solid shapes,
with sophisticated geometries and surface pat-
terns and hollow shapes, with intricate tunnels and
enclosed cavities. Additionally, we have constructed
structures with alternative packing geometries or
using noncanonical brick motifs, demonstrating
themethod’s versatility. The work here thus estab-
lishes DNA bricks as a simple, robust, modular,
and versatile framework for constructing complex
3D nanostructures by using only short synthetic
DNA strands. More generally, it demonstrates
how complex 3D molecular structures can be as-
sembled from small, modular components medi-
ated strictly by local binding interactions.

Design of DNA-Brick Structures
and a 3D Molecular Canvas
In our design, a DNA brick is a 32-nt strand that
we conceptualize as four consecutive 8-nt do-
mains (Fig. 1A). Each DNA brick bears a dis-
tinct nucleotide sequence. All DNA bricks adopt
an identical shape when incorporated into the tar-
get structure: two 16-nt antiparallel helices joined
by a single phosphate linkage. The two domains
adjacent to the linkage are designated as “head”
domains, and the other two are designated as “tail”
domains. A DNA brick with a tail domain bear-
ing sequence “a” can interact productively with a
neighboring brick with a complementary “a*” head
domain in a stereospecific fashion. Each pairing
between bricks defines three parallel helices packed
to produce a 90° dihedral angle (Fig. 1B, top); this
angle derives from the approximate 3/4 right-
handed helical twist of 8 bp of DNA.

We introduce a LEGO-like model to depict the
design in a simple manner (Fig. 1B, bottom). The
model intentionally overlooks the detailed helical
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first constructed 3D cuboid structures of a variety
of sizes and aspect ratios (Fig. 2).

Random sequence design. The sequences of
DNA bricks were designed by random assign-
ments of base pairs (A-T, C-G) to 3D structures.
We first tested two versions of a 6H by 6H by 64B
cuboid, with either random sequences or special-
ly designed sequences (designed by smoothing
binding energy, minimizing undesired second-
ary structure, and reducing sequence symmetry)
and observed comparable self-assembly yields
(fig. S5). We also tested three sets of random se-
quences using a 4H by 12H by 120B cuboid and
again observed similar assembly yields (figs. S6
and S7; more discussion on domain similarity
of random sequence design is provided in fig.
S8). Thus, random sequences were applied to all
subsequent designs.

Protector bricks. Including unpaired single
strands at the ends of DNA duplexes has proven
to be effective for mitigating unwanted aggre-
gation that results from blunt-end stacking (11).
An 8-nt single-stranded domain protruded out
from every 5′ or 3′ end of all DNA duplexes in
our 3D structure designs (Fig. 1C). The sequences
of these 8-nt domains were replaced with eight
continuous thymidines to further prevent unde-
sired nonspecific binding interactions between
exposed single-stranded domains. DNA bricks
with modified head or tail poly-T domains are
named “head protectors” or “tail protectors,”
respectively.

Boundary bricks. A 16-nt half brick could be
merged with a preceding 32-nt full brick along
the direction of its helix to form a 48-nt strand
(figs. S9 to S11). We observed a 1.4-fold improve-
ment in assembly yield for a 6H by 6H by 64B
cuboid when this 48-nt boundary-strand design
was implemented, possibly reflecting accelerated
nucleation of target structure formation. Hence,

this merge strategy was applied to all of our 3D
structures.

Assembly and characterization of 6H by 10H
by 128B cuboid. For a detailed characteri-
zation study, we constructed a 6H by 10H by
128B cuboid (Fig. 2A). It consists of 459 strands
(7680 bp, with a molecular weight comparable
with that of an M13-based DNA origami; design
details are provided in figs. S12 and S13). Un-
purified DNA strands were mixed together at
nominally equal ratios without careful adjust-
ment of stoichiometry (39 ). To determine the
optimal assembly conditions, we tested two an-
nealing ramps (24-hour annealing and 72-hour
annealing), two strand concentrations (100 and
200 nM per strand), and eight MgCl2 concen-
trations (10, 20, 30, 40, 50, 60, 70, and 80 mM).
Equal amounts of each sample (2 pmol per strand)
were then subjected to EtBr-stained 2% agarose
gel electrophoresis (fig. S14). The best gel yield
(~4% as calculated by yield = measured mass
of product/mass of all strands) was achieved at
the following conditions: 200 nM per strand,
72-hour annealing, 40mMMgCl2 (fig. S15). The
above gel yield reflects only an approximate esti-
mate for the incorporation ratio of the monomer
strands (26).

For comparison, 4 to 14% gel yield was re-
ported for 3D DNA origami with similar size and
aspect ratios [such as the 10H by 6H by 98B and
other origami cuboids in (40)]. The origami gel
yield was estimated as yield = (scaffold strands
incorporated into product/total scaffold strands);
the loss of excessive staple strands (normally 5-
to 10-fold more than the scaffold strand) was not
taken into account. For DNA bricks, the optimal
40 mM MgCl2 was higher than the optimal
MgCl2 concentration for 3D origami folding,
which typically is below 30 mM (18). Column-
purified DNA bricks product (~50% recovery

efficiency) (Fig. 2B) migrated as a single band
on agarose gel and appeared under transmis-
sion electron microscopy (TEM) with expected
morphology (Fig. 2C) and measured dimen-
sions of 0.34 nm (T 0.01 nm SD) per base pair
and 2.5 nm (T 0.2 nm SD) per helix width. For
the gel-purified product, “the percentage of in-
tact structures” was estimated at 55% by counting
the ratio of intact particles over all the parti-
cles in TEM images (fig. S16). This percent-
age of intact structures is comparable with the
previously reported percentages of 3D square-
lattice DNA origami (27% for a 6H by 12H by
80B cuboid, 59% for an 8H by 8H by 96B cu-
boid) (41).

Special designs can be applied to increase the
assembly yield of the 6H by 10H by 128B cuboid.
“Head protectors” and “tail protectors” appeared
especially unstable because half of their 8-nt do-
mains are unpaired. By merging “head protec-
tors” of the 6H by 10H by 128B cuboid with their
neighboring strands (figs. S17 and S18), a mod-
ified version 6H by 10H by 128B-M cuboid was
obtained and showed 190% improvement in gel
assembly yield and 17% improvement in the
percentage of intact structures under TEM over
the standard 6H by 10H by 128B cuboid (fig.
S19). Thus, 3D structures can be further stabi-
lized by using special design rules, such as this
merging strategy. However, this modification
requires deletions of crossovers between helices,
which may potentially create global or local de-
formations, and was not used for constructions
in the remainder of the paper.

Structures of different sizes. Eighteen distinct
cuboid structures that contain 9, 16, 36, 60, 96,
and 144 helices were designed, annealed using
the optimal conditions previously identified for
the 6H by 10H by 128B cuboid self-assembly, and
characterized through gel and TEM (Fig. 2D and

459 strands
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Fig. 2. Cuboid structures self-assembled from DNA bricks. (A) DNA bricks self-
assembled into a 6H by 10H by 128B cuboid in a one-step thermal annealing
process. (B) Agarose gel electrophoresis showing 50% purification recovery
efficiency of the 6H by 10H by 128B cuboid. Lane M contains the 1-kb ladder.
Lanes 1 and 2 contain unpurified and purified 6H by 10H by 128B cuboid
structures, respectively. The red arrow points to the cuboid product band. (C)
TEM images of gel-purified 6H by 10H by 128B cuboid. Zoomed-in images
(bottom) and corresponding computer-generated graphics (middle) show three

different projection views. (D) Designs and TEM images of 18 cuboids of a
variety of dimensions. Horizontal axis is labeled with the cross-section dimen-
sions of the cuboids; vertical axis is labeled with the lengths of the constituent
helices. The lengths are 48B (shape 18), 64B (shapes 1, 6, 10, 13, and 15),
120B (shapes 16 and 17), 128B (shapes 2, 7, 11, and 14), 256B (shapes 3, 8,
and 12), 512B (shapes 4 and 9), and 1024B (shape 5). Each 3D cylinder
model is drawn proportionally to the relative dimensions of the cuboid; cor-
responding TEM images are shown to the right or above each model.

www.sciencemag.org SCIENCE VOL 338 30 NOVEMBER 2012 1179
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conformation of the DNA within the loop was initiated by adding 
ethidium bromide: this intercalating dye binds between adjacent 
base pairs, lengthening and partially unwinding the double 
helix. Th e resulting stress was relieved by junction migration: 
by shortening the protruding arms of the junction the loop was 
allowed to lengthen without changing the total number of twists 
within it.

Environmentally driven changes in the conformation of single-
stranded DNA can induce linear motion. Under slightly acidic 
conditions, a single strand with appropriately spaced cytosine bases 
folds into an i-motif — a compact three-dimensional structure 
that is held together by cytosine–protonated-cytosine base pairs18. 
In the presence of a near-complementary strand of DNA there is 
competition between the i-motif and an extended double helix 
formed by hybridization of the two strands (note that a perfectly 
complementary strand would itself fold into a stable structure called 
the G-quadruplex19). Th e i-motif device can be switched between 
compact and extended states by changing the pH20,21. Cyclic 
switching can be driven by an oscillating chemical reaction22,23.

Th e i-motif-to-duplex transition has been made to do mechanical 
work. One surface of a silicon cantilever was coated with tethered 
cytosine-containing strands and formation of the i-motif induced a 
compressive surface stress that bent the cantilever24. Th e origin of the 
surface stress, which is also observed when complementary strands 
hybridize to tethered probes25, is not understood. Electrostatic 
repulsion between the compact i-motifs plays a part, but the 
eff ect persists with high salt concentrations at which interactions 
over a distance comparable to the separation between strands are 
eff ectively screened.

It has also been suggested that the conformational change 
resulting from pH-dependent binding of a single strand of DNA to a 
duplex to form a triple-helical structure could be used as the basis of 
a nanomechanical actuator26,27.

Devices such as those described above can be used to monitor 
and report on their environment. Box 2 describes how active DNA 
nanostructures are being developed as sensors, how elementary 
logical operations can be performed on their outputs, and how the 

combination of sensors and computation might be used to create 
smart drug-delivery systems.

CONFORMATION CHANGES INDUCED BY SIGNALLING
Yurke and co-workers28 constructed a pair of DNA tweezers with 
two rigid double-stranded arms connected at one end by a fl exible 
single-stranded hinge (Fig. 2). In the open confi guration, the arms 
rotate freely about the hinge. Single-stranded tails extend from the 
free end of both arms and serve as attachment points for a control 
strand — the ‘set’ or ‘fuel’ strand — that can pull the arms together by 
hybridizing to both of them. A short region of the set strand remains 
single-stranded even when hybridized to the device: it serves as a 
toehold for hybridization of a complementary ‘unset’ or ‘antifuel’ 
strand that strips the set strand from the device by branch migration 
(Box 1). Displacement of the set strand generates a double-stranded 
waste product and resets the device to its initial open confi guration. 
Th e device can be driven through many cycles of operation simply 
by repeated sequential addition of set and unset strands. Th e time 
to half completion of a single switching operation is ~10 s at typical 
(micromolar) control-strand concentrations: the rate constant 
for toehold-mediated strand exchange is ~105 M–1 s–1 (ref. 29). 
Operation of the DNA tweezers has recently been characterized 
using single molecule FRET measurements30.

Strand displacement has been used to eff ect conformation 
changes in a wide variety of systems. A number of variations on 
the tweezers have been reported including a device where the arms 
are pushed apart instead of being pulled together31 and a three-
state device32. Yan and co-workers33 constructed a linear array of 
rigid DNA tiles in which adjacent tiles could be fl ipped between cis 
and trans conformations by stripping away and replacing control 

4 nm

Figure 1 Self-assembly of a nanometre-scale object. The DNA tetrahedron5 has 
relatively stiff double-stranded edges linked by fl exible single-stranded hinges. A 
cargo, for example a protein48, can be trapped in the central cavity of the tetrahedron. 
Mechanical devices built from DNA could be used to open the tetrahedron 
(R. P. Goodman, M. Heilemann, A. N. Kapenidis & A.J.T., manuscript in preparation)  to 
control access to the cargo.

Set strand

Unset strand

‘Closed’

‘Open’

Waste

Figure 2 A DNA nanomachine driven by repeated sequential addition of DNA control 
strands. DNA tweezers28 have two double-stranded arms connected by a fl exible 
single-stranded hinge. The ‘set’ strand pulls the arms into a closed conformation 
by hybridizing to single-stranded tails at the ends of the arms. A short region of 
the set strand remains single-stranded even when it is hybridized to the tweezers: 
this region serves as a toehold that allows the ‘unset’ strand to hybridize to the set 
strand and strip it from the device, returning the tweezers to the open confi guration 
and generating a double-stranded waste product. The state of the device can be 
determined by measuring the separation between donor and acceptor fl uorophores 
(represented by the green triangle and red circle) using FRET. 
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•  DNA nanomachine driven by repeated 
sequential addition of DNA control strands 

•  DNA tweezers: two double-stranded arms 
connected by a flexible single-stranded hinge 

•  The ‘set’ strand pulls the arms into a closed 
conformation by hybridizing to single-stranded 
tails at the ends of the arms 

•  A short region of the set strand remains single-
stranded even when it is hybridized to the 
tweezers: this region serves as a toehold that 
allows the ‘unset’ strand to hybridize to the set 
strand and strip it from the device, returning 
the tweezers to the open configuration and 
generating a double-stranded waste product.  

•  The state of the device can be determined by 
measuring the separation between donor and 
acceptor fluorophores (represented by the 
green triangle and red circle) using FRET.  

 
Yurke, B., Turber eld, A. J., Mills, A. P. Jr, Simmel, F. C. & 
Neumann, J. L. A DNA-fuelled molecular 
machine made of DNA. Nature 406, 605–608 (2000). 
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Stepping operation of a rotary DNA origami
device†

Takahiro Tomaru,a Yuki Suzuki, *ab Ibuki Kawamata, a Shin-ichiro M. Nomura a

and Satoshi Murata *a

We constructed a rotary DNA origami device and tested its stepping

operation on a mica substrate by sequential strand displacement

with four different sets of signal DNA strands. This work paves the

way for building a variety of dynamic rotary DNA nanodevices

which respond to multiple signals.

The ‘‘wheel’’ is one of the greatest inventions of human beings.1

Since the rotating mechanism is compact and efficient, rotating
parts such as screws, gears and motors could be found in every
machine. In the latter half of the 20th century, it was discovered
that there exist rotary mechanisms in the world of living beings,
such as flagella motors2 and F1F0-ATPase.3,4 Feringa and colleagues
mimicked these nanometer-sized rotating molecules and synthe-
sized light-driven molecular motors.5

Recently, DNA nanotechnology6–10 has enabled us to create
various DNA nanodevices with rotating parts. In particular,
several attempts have been made to control DNA nanostructures
with rotatable parts in a sequence-specific manner.11–13 In these
systems, there is the problem that the solution is gradually
diluted every time signal DNA is added to the solution. To avoid
this, Endo et al. employed photo-responsive oligonucleotides14,15

and constructed a mechanism to control the rotor in two
different positions by light irradiation of different wavelengths.16

Kuzyk et al. also developed light-driven and pH-driven rotating
mechanisms.17,18 Dietz and colleagues reported a combined DNA
origami system in which a rotor can rotate infinitely but there is
no position control.19 Controlling the orientation of a rotor at
predetermined fixed angles is essential for such mechanisms to
function. In this study, we designed a DNA origami structure with a
rotor immobilized onto a substrate surface to evaluate its stepping

operation. This system has a dynamic state (in which the rotor
rotates randomly) and a static state (in which the rotor is stationary)
at predetermined angles, and these states can be selected by a
signal DNA strand given from the outside. The whole system is
immobilized onto a substrate surface and signals are applied
repetitively by buffer exchange with a constant concentration. We
quantitatively evaluated the controllability of the rotational motion
by analyzing the distribution of the rotor orientation on the DNA
origami devices in atomic force microscopy (AFM) images.

Our rotary DNA origami device is made from a single scaffold
strand and consists of three parts, i.e. a base, a rotor and a connector
(Fig. 1a and Fig. S1, ESI†). The base part is a single-layered origami
with dimensions of 46 nm ! 61 nm. The rotor is a double-layered
origami which is designed to be smaller than the base (Fig. 1b). Its
‘T-shape’ and the face marker introduced into the base allow us to
distinguish which face is the top and angular orientation of the rotor
against the base (Fig. 1c). The connector, which is a part of the
scaffold strand, crosses over between the base and the rotor at
centers. To avoid the formation of secondary structures within the
connector, we designed the path of the scaffold carefully so that the
connector segments contain only thymine bases (Fig. 1a).

Fig. 1 Design of a rotary DNA origami device. (a) Schematic illustration of
the three parts. Colors: base (gray), rotor (red) and connector (blue). The
sequence of the single stranded connector has only thymine bases. (b) Size
and expected orientations of the rotor. A small square domain of the base
is used as a face marker. (c) Angular displacement is defined as 01, 901,
1801 and "901 in the counter clockwise direction from leftward.

a Graduate School of Engineering, Tohoku University, 6-6-01 Aramaki-Aza Aoba,
Aoba-ku, Sendai, Miyagi 980-8579, Japan.
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† Electronic supplementary information (ESI) available: Additional AFM images,
agarose gel image, and DNA sequences of signal DNAs and staple strands for DNA
origamis. See DOI: 10.1039/c7cc03214e

Received 26th April 2017,
Accepted 18th May 2017

DOI: 10.1039/c7cc03214e

rsc.li/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 C
EA

 S
ac

la
y 

on
 3

1/
05

/2
01

7 
07

:4
6:

19
. 

View Article Online
View Journal

This journal is©The Royal Society of Chemistry 2017 Chem. Commun.

Cite this:DOI: 10.1039/c7cc03214e

Stepping operation of a rotary DNA origami
device†

Takahiro Tomaru,a Yuki Suzuki, *ab Ibuki Kawamata, a Shin-ichiro M. Nomura a

and Satoshi Murata *a

We constructed a rotary DNA origami device and tested its stepping

operation on a mica substrate by sequential strand displacement

with four different sets of signal DNA strands. This work paves the
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Since the rotating mechanism is compact and efficient, rotating
parts such as screws, gears and motors could be found in every
machine. In the latter half of the 20th century, it was discovered
that there exist rotary mechanisms in the world of living beings,
such as flagella motors2 and F1F0-ATPase.3,4 Feringa and colleagues
mimicked these nanometer-sized rotating molecules and synthe-
sized light-driven molecular motors.5

Recently, DNA nanotechnology6–10 has enabled us to create
various DNA nanodevices with rotating parts. In particular,
several attempts have been made to control DNA nanostructures
with rotatable parts in a sequence-specific manner.11–13 In these
systems, there is the problem that the solution is gradually
diluted every time signal DNA is added to the solution. To avoid
this, Endo et al. employed photo-responsive oligonucleotides14,15

and constructed a mechanism to control the rotor in two
different positions by light irradiation of different wavelengths.16

Kuzyk et al. also developed light-driven and pH-driven rotating
mechanisms.17,18 Dietz and colleagues reported a combined DNA
origami system in which a rotor can rotate infinitely but there is
no position control.19 Controlling the orientation of a rotor at
predetermined fixed angles is essential for such mechanisms to
function. In this study, we designed a DNA origami structure with a
rotor immobilized onto a substrate surface to evaluate its stepping

operation. This system has a dynamic state (in which the rotor
rotates randomly) and a static state (in which the rotor is stationary)
at predetermined angles, and these states can be selected by a
signal DNA strand given from the outside. The whole system is
immobilized onto a substrate surface and signals are applied
repetitively by buffer exchange with a constant concentration. We
quantitatively evaluated the controllability of the rotational motion
by analyzing the distribution of the rotor orientation on the DNA
origami devices in atomic force microscopy (AFM) images.

Our rotary DNA origami device is made from a single scaffold
strand and consists of three parts, i.e. a base, a rotor and a connector
(Fig. 1a and Fig. S1, ESI†). The base part is a single-layered origami
with dimensions of 46 nm ! 61 nm. The rotor is a double-layered
origami which is designed to be smaller than the base (Fig. 1b). Its
‘T-shape’ and the face marker introduced into the base allow us to
distinguish which face is the top and angular orientation of the rotor
against the base (Fig. 1c). The connector, which is a part of the
scaffold strand, crosses over between the base and the rotor at
centers. To avoid the formation of secondary structures within the
connector, we designed the path of the scaffold carefully so that the
connector segments contain only thymine bases (Fig. 1a).

Fig. 1 Design of a rotary DNA origami device. (a) Schematic illustration of
the three parts. Colors: base (gray), rotor (red) and connector (blue). The
sequence of the single stranded connector has only thymine bases. (b) Size
and expected orientations of the rotor. A small square domain of the base
is used as a face marker. (c) Angular displacement is defined as 01, 901,
1801 and "901 in the counter clockwise direction from leftward.
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instructions. A similar scheme was used to roll two DNA ‘gears’ 
against each other55. Th e Sherman and Seeman walker56 uses a 
diff erent stepping mechanism: the front foot steps forward then the 
back foot catches up (the front foot always remains ahead of the back 
foot). Both walkers could step indefi nitely along a track composed 
of a repeating sequence of anchorages provided that the free foot is 
never off ered a choice of anchorages. For the Shin and Pierce device, 
which walks along a repeating sequence of four anchorages, this 
could be achieved by ensuring that the free foot can only bind to an 
anchorage adjacent to the bound foot (the sequence of anchorages 
could be reduced to three if the number of control strands were 
increased to twelve). For the inchworm mechanism of the Sherman 
and Seeman walker, the feet are sometimes bound to non-adjacent 
sites: continuous operation requires either a sequence of more than 
four anchorages or the constraint that the feet cannot swing past each 
other on the track. If the latter condition were met, an inchworm 
device with distinguishable feet could walk on a repeating sequence 
of only two anchorages, although if it did manage to reverse, it 
would not correct itself. Extended tracks for DNA walkers might 
be made from DNA nanotubes, which are straight structures with 
persistence lengths of many micrometres57–60, or from arrays built 
on periodic61–63 or non-periodic64 DNA templates.

Th e walking devices described in this section are not true 
molecular motors because they cannot complete a cycle of motion 
without external intervention. Lack of autonomy brings the 
advantage of increased controllability: the device can be stopped 
at a desired location or reversed simply by changing the order in 

which instruction strands are added. However, the construction of a 
free-running DNA motor that does not require external intervention 
would be a signifi cant accomplishment.

MOLECULAR MOTORS

Th e ambition to use DNA to construct autonomous motors that 
step along linear tracks is inspired by biological motors like myosin, 
kinesin and dynein that use free energy from hydrolysis of ATP to 
drive directional movement. Biological motors are astonishingly 
competent: they can be very fast, moving loads at speeds of up to 
60 µm s–1 (ref. 65), and processive, travelling distances of up to 1 µm 
before dissociating from their tracks66,49.

A chemically driven molecular motor is a catalyst for the reaction 
of the fuel from which it obtains energy. Biological motors couple 
conformational changes, including track binding and unbinding 
and rotation amplifi ed by lever arms, to the binding and hydrolysis 
of ATP and release of ADP67. Th ree diff erent sources of energy for 
synthetic DNA motors have been explored: hydrolysis of the DNA 
backbone and of ATP (both of which involve making and breaking 
covalent bonds), and DNA hybridization.

MOTORS POWERED BY DNA AND RNA HYDROLYSIS
The free energy released on hydrolysis of the phosphodiester 
backbone of a DNA or RNA fuel can drive an autonomous device 
that catalyses the reaction. RNA hydrolysis can be catalysed 
by a limited set of DNA sequences including the ‘10-23’ DNA 

A* B

A

A*B

B*

Figure 3 DNA nanomachines that execute directional stepwise movement along linear tracks. a, The Shin and Pierce walker54 has two distinct feet and steps along a track 
that displays a sequence of four distinct single-stranded anchorages (the fi rst three are shown). Each step is driven by sequential addition of two control strands, one that lifts 
the back foot from the track and one that binds it to a new anchorage ahead of the stationary foot. The single step shown here requires two instruction strands. A total of eight 
instruction strands are required for extended operation of the motor. b, Autonomous movement can be driven by enzymatic hydrolysis of the DNA71 or RNA70 backbone. Binding 
of the cargo (dark green) to an anchorage (light green) enables an enzyme to cleave the anchorage (the cleavage site is indicated by a black triangle). A short fragment of the 
anchorage is released, leaving the cargo with a single-stranded toehold that can bind to the intact anchorage ahead of it; the cargo can then step forward by a branch 
migration reaction. Destruction of the track in the wake of the cargo imposes directionality. c, A cargo can be passed autonomously from one anchorage to the next by 
a repeated cycle of enzymatic ligation and hydrolysis76. The cargo consists of two short fragments of DNA (shaded in grey). It is passed along a track with four distinct 
double-stranded anchorages. In the top panel the cargo is covalently attached to anchorage A. Anchorage B ahead of it has a sticky end that is complementary to the free end of 
the cargo. DNA ligase joins the two anchorages covalently with the cargo bridging the gap between them (middle panel). This creates a sequence of bases that is recognized by 
a restriction enzyme, which cleaves the cargo from A, leaving it covalently attached to B (bottom panel), and so on. Cleavage sites are represented by black triangles.
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DNA nanomachines
We are learning to build synthetic molecular machinery from DNA. This research is inspired by 

biological systems in which individual molecules act, singly and in concert, as specialized machines: 

our ambition is to create new technologies to perform tasks that are currently beyond our reach. 

DNA nanomachines are made by self-assembly, using techniques that rely on the sequence-specifi c 

interactions that bind complementary oligonucleotides together in a double helix. They can be 

activated by interactions with specifi c signalling molecules or by changes in their environment. Devices 

that change state in response to an external trigger might be used for molecular sensing, intelligent 

drug delivery or programmable chemical synthesis. Biological molecular motors that carry cargoes 

within cells have inspired the construction of rudimentary DNA walkers that run along self-assembled 

tracks. It has even proved possible to create DNA motors that move autonomously, obtaining energy 

by catalysing the reaction of DNA or RNA fuels.

JONATHAN BATH AND ANDREW J. TURBERFIELD*
University of Oxford, Department of Physics, Clarendon Laboratory, 
Parks Road, Oxford OX1 3PU, UK

*e-mail: a.turberfi eld@physics.ox.ac.uk

Th e remarkable specifi city of the interactions between complementary 
nucleotides makes DNA a useful construction material: interactions 
between short strands of DNA can be controlled with confi dence 
through design of their base sequences (Box 1). Th e construction of 
branched junctions between double helices1 makes it possible to create 
complex three-dimensional objects2–5, such as the tetrahedron5 shown 
in Fig. 1, by self-assembly. One way to exploit this extraordinarily 
precise architectural control is to use self-assembled DNA templates to 
position functional molecules: examples include molecular electronic 
circuits6,7, near-fi eld optical devices8 and enzyme networks9. 

It is an obvious extension of this research to convert static 
DNA structures into machines. DNA is not the natural choice of 
material to build active structures with because it lacks the structural 
and catalytic versatility of proteins and RNA (for both DNA and 
RNA, Watson–Crick base pairing is the strongest interaction 
determining inter- and intramolecular interactions, but RNA has 
a much richer repertoire of weaker non-covalent interactions 
that can stabilize complex structures10). If we could cope with 
the interactions required for a three-dimensional fold we would 
design more competent machines made, as in nature, from RNA 
and proteins11,12. We make nanomachines from DNA because 
the simplicity of its structure and interactions allows us to control 
its assembly.

In this review we concentrate on research that is leading towards 
the development of synthetic molecular motors. We start by showing 
how DNA nanostructures can be made to switch between two states 
in response to molecular or environmental signals; we describe how 
a device can be moved along a track by operating molecular switches 
in the correct sequence; we fi nish with an account of the current state 

of development of autonomous molecular motors that are inspired by 
the natural protein motors myosin and kinesin. Closely related work 
on DNA sensors and DNA-templated chemistry is described briefl y 
in Boxes 2 and 3.

MOLECULAR SWITCHES

Th e simplest active DNA nanostructures are switches or actuators 
that can be driven between two conformations. Motion is induced 
by changes in temperature or ionic conditions, or by the binding 
of a signalling molecule, oft en a DNA strand.

CONFORMATION CHANGES INDUCED BY CHANGES IN ENVIRONMENT
Rotary motion can be produced by changing the twist of DNA. 
Double-stranded DNA with the sequence (CG)n can be fl ipped 
from the usual right-handed helix (B-DNA) to a left -handed 
conformation (Z-DNA). Th is transition is favoured by high 
salt concentrations and low temperatures13. One of the earliest 
nanomechanical DNA devices14 used this transition to change 
the angle between two rigid DNA tiles connected by a (CG)10 
stem. Each tile carried a reporter fl uorophore. Förster resonant 
energy transfer (FRET) between fl uorophores allows sensitive 
measurement of their separation on a nanometre length scale: 
the effi  ciency of energy transfer, mediated by a dipole–dipole 
interaction, scales as the inverse sixth power of their separation15. 
When the B–Z transition was induced by an increase in ionic 
strength, FRET measurements showed an increase in the 
separation between the fl uorophores consistent with the expected 
relative rotation of the tiles by ~3.5 turns.

Yang and co-workers converted changes in the twist of DNA 
into linear motion16. Th eir device consisted of a closed loop of 
double-stranded DNA attached to opposite arms of a four-arm 
Holliday junction (Box 1)17. A Holliday junction can migrate 
(isomerize) by breaking identical base pairs in one pair of opposite 
arms and remaking them in the other pair. A change in the 
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DNA Machines: Bipedal Walker and Stepper
Zhen-Gang Wang,† Johann Elbaz,† and Itamar Willner*

Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

ABSTRACT The assembly of a “bipedal walker” and of a “bipedal stepper” using DNA constructs is described. These DNA machines
are activated by H+/OH- and Hg2+/cysteine triggers. The bipedal walker is activated on a DNA template consisting of four nucleic
acid footholds. The forward “walking” of the DNA on the template track is activated by Hg2+ ions and H+ ions, respectively, using the
thymine-Hg2+-thymine complex or the i-motif structure as the DNA translocation driving forces. The backward “walking” is activated
by OH- ions and cysteine, triggers that destroy the i-motif or thymine-Hg2+-thymine complexes. Similarly, the “bipedal stepper”
is activated on a circular DNA template consisting of four tethered footholds. With the Hg2+/cysteine and H+/OH- triggers, clockwise
or anticlockwise stepping is demonstrated. The operation of the DNA machines is followed optically by the appropriate labeling of
the walker-foothold components with the respective fluorophores/quenchers units.

KEYWORDS Nucleic acid, machines, molecular devices, pH, ions, i-motif

The development of DNA-based machines is attracting
substantial recent research effort.1 DNA nanostruc-
tures that perform mechanical operations, such as

“tweezers”,2 “walkers”,3 “gears”,4 “metronome opera-
tions”,5 and more,6 were reported. Recently, the mechanical
translocation of nucleic acids on nucleic acid tracks associ-
ated with surfaces, such as electrodes7 or semiconductor
quantum dots,7 or the programmed “walking” of DNA on
DNA origami patterns8 were reported.

Several limitations accompany, however, the develop-
ment of DNA-based machines: (i) We lack diverse input
signals for triggering the molecular machines, and most of
the molecular devices rely on strand displacement by a
nucleic acid activator. (ii) Often, triggering of the mechanical
function involves a cleavage process, thus eliminating the
reversible, cyclic, operation of the device. (iii) It is often
difficult to ensure the intact structure of the device within
its dynamic operation, and the diffusional exchange of
components between different machines cannot be ex-
cluded. In the present study, we report on the construction
of two DNA machines activated by H+/OH- or Hg2+ ions/
cysteine as external triggers. The devices perform a revers-
ible bipedal walking function or a clockwise/anticlockwise
stepper function on a DNA wheel. The engineered molecular
devices ensure intact and nonseparable nanostructures dur-
ing their mechanical activation. The principle for operating
the machines involves the construction of four nucleic acid
footholds on a DNA template and the signal-triggered motil-
ity of a “walker”/“stepper” nucleic acid tethered to two of
the footholds in each state of the machine. The formation
of the thimyne(T)-Hg2+-thymine(T) complexes and their
separation by cysteine or the formation/dissociation of the

i-motif structure, by H+ and OH- stimuli, respectively,
provide the signals for the activation of the machines. The
direction of motion of the “walker”/“stepper” elements is
dictated by the relative stabilities of the nucleic duplexes
formed between the “walker”/“stepper” units and the re-
spective footholds.

Results and Discussion. Figure 1 depicts the DNA con-
struct on which the bipedal walking of a DNA strand pro-
ceeds. The system consists of four interlinked footholds 1-4,
acting as a track, where foothold 4 is rigidified onto the track
by a complementary nucleic acid (5). Each of the footholds
is blocked by complementary nucleic acids 1′-4′ that
include sticky single-strand modified at their ends with the
fluorophores F1 (Cy5), F2 (Cy3), F3 (Cy5.5), and F4 (ROX). The
walker consists of two arms (6 and 7), held together by
the blocker unit (8), that is modified at the 5′ and 3′ ends
with the quencher units Q (Q1, Q2). The quencher units are
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FIGURE 1. Fluorescence analysis of bipedal walker activated by Hg2+/
cysteine and H+/OH- inputs: panel I, walker immobilized on foot-
holds I and II and position, imaged by high fluorescence of F3 and
F4; panel II, walker positioned on footholds II and III imaged by high
fluorescence of F1 and F4; panel III, walker positioned on footholds
III and IV, imaged by high fluorescence of F1 and F2.
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DNA Machines: Bipedal Walker and Stepper
Zhen-Gang Wang,† Johann Elbaz,† and Itamar Willner*

Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

ABSTRACT The assembly of a “bipedal walker” and of a “bipedal stepper” using DNA constructs is described. These DNA machines
are activated by H+/OH- and Hg2+/cysteine triggers. The bipedal walker is activated on a DNA template consisting of four nucleic
acid footholds. The forward “walking” of the DNA on the template track is activated by Hg2+ ions and H+ ions, respectively, using the
thymine-Hg2+-thymine complex or the i-motif structure as the DNA translocation driving forces. The backward “walking” is activated
by OH- ions and cysteine, triggers that destroy the i-motif or thymine-Hg2+-thymine complexes. Similarly, the “bipedal stepper”
is activated on a circular DNA template consisting of four tethered footholds. With the Hg2+/cysteine and H+/OH- triggers, clockwise
or anticlockwise stepping is demonstrated. The operation of the DNA machines is followed optically by the appropriate labeling of
the walker-foothold components with the respective fluorophores/quenchers units.

KEYWORDS Nucleic acid, machines, molecular devices, pH, ions, i-motif

The development of DNA-based machines is attracting
substantial recent research effort.1 DNA nanostruc-
tures that perform mechanical operations, such as

“tweezers”,2 “walkers”,3 “gears”,4 “metronome opera-
tions”,5 and more,6 were reported. Recently, the mechanical
translocation of nucleic acids on nucleic acid tracks associ-
ated with surfaces, such as electrodes7 or semiconductor
quantum dots,7 or the programmed “walking” of DNA on
DNA origami patterns8 were reported.

Several limitations accompany, however, the develop-
ment of DNA-based machines: (i) We lack diverse input
signals for triggering the molecular machines, and most of
the molecular devices rely on strand displacement by a
nucleic acid activator. (ii) Often, triggering of the mechanical
function involves a cleavage process, thus eliminating the
reversible, cyclic, operation of the device. (iii) It is often
difficult to ensure the intact structure of the device within
its dynamic operation, and the diffusional exchange of
components between different machines cannot be ex-
cluded. In the present study, we report on the construction
of two DNA machines activated by H+/OH- or Hg2+ ions/
cysteine as external triggers. The devices perform a revers-
ible bipedal walking function or a clockwise/anticlockwise
stepper function on a DNA wheel. The engineered molecular
devices ensure intact and nonseparable nanostructures dur-
ing their mechanical activation. The principle for operating
the machines involves the construction of four nucleic acid
footholds on a DNA template and the signal-triggered motil-
ity of a “walker”/“stepper” nucleic acid tethered to two of
the footholds in each state of the machine. The formation
of the thimyne(T)-Hg2+-thymine(T) complexes and their
separation by cysteine or the formation/dissociation of the

i-motif structure, by H+ and OH- stimuli, respectively,
provide the signals for the activation of the machines. The
direction of motion of the “walker”/“stepper” elements is
dictated by the relative stabilities of the nucleic duplexes
formed between the “walker”/“stepper” units and the re-
spective footholds.

Results and Discussion. Figure 1 depicts the DNA con-
struct on which the bipedal walking of a DNA strand pro-
ceeds. The system consists of four interlinked footholds 1-4,
acting as a track, where foothold 4 is rigidified onto the track
by a complementary nucleic acid (5). Each of the footholds
is blocked by complementary nucleic acids 1′-4′ that
include sticky single-strand modified at their ends with the
fluorophores F1 (Cy5), F2 (Cy3), F3 (Cy5.5), and F4 (ROX). The
walker consists of two arms (6 and 7), held together by
the blocker unit (8), that is modified at the 5′ and 3′ ends
with the quencher units Q (Q1, Q2). The quencher units are
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FIGURE 1. Fluorescence analysis of bipedal walker activated by Hg2+/
cysteine and H+/OH- inputs: panel I, walker immobilized on foot-
holds I and II and position, imaged by high fluorescence of F3 and
F4; panel II, walker positioned on footholds II and III imaged by high
fluorescence of F1 and F4; panel III, walker positioned on footholds
III and IV, imaged by high fluorescence of F1 and F2.
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Cellular delivery of enzyme-loaded DNA origami†

Ari Ora,‡a Erika Järvihaavisto,‡a Hongbo Zhang,b Henni Auvinen,a Hélder A. Santos,b

Mauri A. Kostiainen*a and Veikko Linko*a

In this communication, we show that active enzymes can be delivered

into HEK293 cells in vitro when they are attached to tubular DNA

origami nanostructures. We use bioluminescent enzymes as a cargo

and monitor their activity from a cell lysate. The results show that the

enzymes stay intact and retain their activity in the transfection

process. The method is highly modular, which makes it a compelling

candidate for a great variety of delivery applications.

In molecular medicine, various materials can be used in creating
applicable drug delivery vehicles, such as metallic nanoparticles,
viruses and polymers.1–3 However, one of the challenges is to
develop carriers and advanced systems that are concurrently safe,
efficient, biocompatible and entirely modular. In this respect,
DNA nanotechnology offers an intriguing approach: fully
programmable, custom-shaped DNA nanostructures4,5 can meet
the prerequisites for smart nanocarriers, and therefore, they
possess a huge potential in diverse biomedical applications.6–8

One of the most convenient techniques to build DNA
nanostructures is to utilize scaffolded DNA origami,9 which
facilitates robust, nanometer-level precise fabrication of arbitrary
DNA shapes.10–13 Moreover, the method has served as an important
starting point for developing user-friendly software for designing
DNA objects14–16 and completely new design strategies for DNA-
based nanoconstruction.17–20 The structural versatility provided
by the DNA origami approach has yielded many intriguing
applications, including optical nanodevices,21 custom-shaped
metal nanoparticles,22–24 and artificial ion channels.25

Recently, there has been a growing interest towards the
nanomedical implementations of the DNA nanotechnology,
such as DNA sensors,26 logic-gated DNA nanorobots for controlling
cell signaling27 and DNA origami structures for circumventing
drug resistance, as well as delivering small anti-cancer drugs into
cells both in vitro and in vivo.28–32 Other examples of DNA-based
delivery systems include cages for transporting siRNA motifs33 and
DNA tubes for CpG-triggered immunostimulation.34 One of the
challenges in cellular transport of DNA-based nanostructures is
their relatively poor transfection rates.35 However, it has been shown
that the transfection can be improved by coating the structures with
virus proteins36 or by introducing DNA intercalators37 that modify
the surface properties of the objects. Furthermore, lipid membrane
encapsulation can significantly increase the pharmacokinetic bio-
availability of the DNA structures and decrease immune activation.38

Therefore, the recent developments in the field prospectively make
DNA origami nanostructures as suitable candidates for smart drug
delivery vehicles and carriers in advanced therapeutics.

In this communication, we show how a DNA origami loaded
with active molecular components can be delivered into cells
(Fig. 1). We employed bioluminescent enzymes as a cargo for
the tubular DNA origami and transfected the formed complex
into cells in vitro. By using these detection-sensitive enzymes,
we were able to demonstrate the activity of the delivered enzymes
from the cell lysate (after transfection) using a luminescence assay.
The assay shows that the enzymes can stay intact in the transfection
process and retain their catalytic activity, thus demonstrating the
feasibility of the proposed delivery system. We believe that the
system presented here can find uses, for example, in enzyme
replacement therapy. Similarly, the modular DNA origami
approach could be used in transporting other pivotal molecules
and complexes into cells, thus enabling highly sophisticated
medical treatments. Loading of the origami can be realized by
attaching molecules via DNA hybridization or by using other
linking techniques, such as avidin–biotin interaction. Furthermore,
encapsulating active enzymes inside hollow origami cages has
recently been demonstrated to efficiently protect the enzymes
against proteolytic degradation.39
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The DNA origami used in this work is a hexagonal tube
(HT)40 (see Fig. 1), and it is equipped with three biotinylated (B)
binding sites on its inner surface. The biotins are assigned for
the avidin-modified cargo (three enzymes should fit in the
cavity of the carrier). The DNA origami structure (hexagonal
tube with biotin = HTB) was assembled as explained previously,40

and after the folding the formed structures were purified by PEG-
purification41 or by spin-filtering in the 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)/NaOH buffer (6.5 mM
HEPES, pH adjusted to 6.8) (see ESI†). The folded and purified
HTBs were characterized using transmission electron microscopy
(TEM) and agarose gel electrophoresis (see Fig. 2), which revealed
proper folding of the HTBs and the efficient removal of the excess
staple strands from the folding solution.

After purification, HTB origamis were incubated at least 6 h
with the bioluminescent streptavidin-lucia (LUC) luciferase
enzymes (InvivoGen). The enzymes were added in excess amounts,
and the unbound enzymes were removed again by PEG-purification
or by spin-filtering (HEPES/NaOH buffer) (see ESI†). HTB origamis
with LUC-enzymes (LUC + HTB) were also analyzed by gel electro-
phoresis (Fig. 2). Addition of LUC smears the origami band, thus
indicating complexation with origamis (see the LUC + HTB lane
in Fig. 2). After the structural characterization and before the
transfection, the bioluminescence decay kinetics of the fabricated
LUC + HTB, free luciferase (LUC (adjusted)) and bare origami
(HTB) were analyzed (see Fig. 3). The luminescence assay and
analysis are carried out similarly as explained previously;42

briefly, the activity of each sample was characterized by mixing
10 ml of the sample solution with the 50 ml of commercial
coelenterazine-based luminescence assay reagent (QUANTI-Luc,
InvivoGen), and by monitoring the luminescence by luminometer
(BioTek Cytation 3). The resulted luminescence decay as a function
of time is shown in Fig. 3. The concentration of the free luciferase
sample (LUC (adjusted)) was titrated to match the luminescence
decay curve of LUC + HTB sample. Typically, the concentration of

free luciferase (LUC (adjusted)) was 150–600 nM, i.e., 5–15 times
the origami concentration (varied between 10–100 nM). Therefore,
the results indicate that LUC binds not only to biotinylated
strands, but also unspecifically to DNA origami, and that LUC +
HTB sample may contain a modest amount of enzymes that were

Fig. 1 A DNA origami equipped with three biotinylated binding sites (on
the inner surface) is loaded with streptavidin-modified Lucia luciferase
enzymes (LUC). Loaded origamis are transiently transported into cells, and
subsequently, the cells are washed in order to remove free and cell
membrane-bound complexes. Activity of the delivered LUC is measured
from the cell lysates using coelenterazine-based luminescence assay.

Fig. 2 Left: CanDo-simulated14,15 solution shape of the designed DNA
origami40 and TEM images of the structures with corresponding orientations.
The width of the origami is between 27–33 nm and the cavity is 14–21 nm
wide. Right: Agarose gel electrophoresis of the hexagonal tubes with
biotin binding sites (folded and purified HTB) and hexagonal tubes with
LUC-enzymes (LUC + HTB). Structures are electrophoresed after folding
and after PEG-purification, and their running speeds are compared to the
scaffold strand M13mp18 (S). Purification (PEG-based or spin-filtering)
removes practically all the excess staple strands (bright area at the
bottom of the folded HTB lane) and most of the unbound LUC-enzymes
(see also ESI†).

Fig. 3 Enzyme activity and the sample quality were verified before transfection
by the luminescence decay assay. The graph shows typical luminescence decay
as a function of time for a purified DNA origami loaded with luciferases (LUC +
HTB), similar amount of free luciferase (LUC (adjusted)) and an empty
DNA origami (HTB). The concentration in the free luciferase sample is
adjusted to match the decay curve of the LUC + HTB sample. The first data
points were recorded 10 seconds after adding the coelenterazine-based
luminescence assay reagent to the origami solutions. The inset depicts the
statistics of the luminescence assay (relative luminescence intensity): the
maximum luminescence intensity is depicted with 100% in each measurement
and this value was compared to the maximum intensity of the corresponding
LUC and HTB samples.
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not removed in the purification process (see ESI†). In addition, the
activity of enzymes that are attached to DNA origami have been
found to be higher than that of free enzymes,39 which could also
explain the effect. However, the free LUC sample (used as a control
in the transfection studies) was always adjusted to match LUC + HTB
kinetics before the transfection in order to compensate these effects.

Fully characterized and tested samples (LUC + HTB, LUC
(adjusted) and HTB at B1 nM concentration) were then trans-
fected into HEK293 cells transiently (see ESI† for details of
transfection and cell culturing). To visualize the different
compartments under confocal microscopy, we labeled cell
membrane with Cell Mask Deep Red, HTB origamis with
fluorescent Cy3 dyes (five Cy3-modified strands per each origami)
and LUC with Pacific Blue dye (labeled with Molecular Probes’
Pacific Bluet Protein Labeling Kit) and followed the transfection.
The viability of cells was always verified before imaging. After
12 h of transfection, it was observed that the origamis and
enzymes were found in cells (Fig. 4A and B). The results show
that in some cases LUC and HTB were clearly co-localized
(Fig. 4A), but it also seems that unspecifically bound LUC might
detach from the HTB in the transfection (see ESI†). Moreover,
bare LUC (LUC (adj.)) was transfected to some extent (Fig. 4B).
Furthermore, we also tested longer (36 h) transfection, which
showed that HTB is co-localized with the cell nuclei (see ESI†).

For monitoring the transfection (12 h) and the activity of the
samples via luminescence assay, the cells were washed carefully
3 times with PBS in order to remove the complexes that were
possibly attached to cell membranes or the cell culturing plates.
Cells were lysed using coelenterazine-based substrate and the
bioluminescence was immediately detected as explained above.
The luminescence decay of the samples was significantly slower
in cell lysates than before transfection, presumably due to the
dilution of the samples during the transfection. The slower
kinetics enabled detection of clear differences between the
luminescence intensity levels of each sample within the time-scale

of several minutes. Fig. 4C shows the normalized maximum
luminescence intensities (the maximum intensity in each measure-
ment represents 100% relative luminescence) for the purified LUC +
HTB, LUC (adj.) and bare HTB samples. The results show that
although the activity of LUC + HTB and bare LUC were adjusted
to the same level before transfection (Fig. 3 inset), the LUC +
HTB displays roughly 3 times as high intensity as the free LUC
sample after the transfection (Fig. 4C).

As additional control experiments, we used only the structural
components of the DNA origami (short DNA strands, i.e., staples,
and a long scaffold strand), which we incubated with LUC and
studied how these DNA strands alone could affect the results.
With the purification methods used here, it is impossible
to separate staples and scaffold strands from the excess and
unbound LUC. Nevertheless, we then used the unpurified
samples (containing equal amounts of LUC in each sample,
i.e., 15 times HTB concentration). It was observed that the
luminescence intensity levels were enhanced using the short DNA
staples or the scaffold strand alone. As a result, the luminescence
level of the LUC + staples sample was similar to LUC + HTB but
higher than LUC + scaffold and clearly higher than bare LUC. All
the abovementioned experiments were performed without any
transfection reagent, but as a control, we also carried out the
experiments with a common transfection reagent polyethylenimine
(PEI, B25 kDa, linear). As expected, PEI can enhance the
transfection. The data from the controls and the samples
transfected with PEI are presented in ESI.† Overall, all the
results prove the feasibility of the proposed method, since the
DNA origami working concentrations could be as low as 500 pM.

In conclusion, we have demonstrated how a designer DNA
origami loaded with functional cargo (in principle any streptavidin-
or biotin-modified cargo) can be transported into cells. In general,
the cellular delivery of functional proteins is essential in molecular
medicine, therapeutics and nanomedical engineering.43–49 Here, the
proof-of-principle delivery works with or without the transfection

Fig. 4 (A and B) Confocal micrographs of LUC + HTB (A) and LUC (adjusted) without HTB (B) samples after 12 h transfection without PEI: LUC is labeled
with Pacific Blue dye (blue), HTB with Cy3-modified strands (green) and cell membrane by cell mask deep red (red). (C) The statistics of the luminescence
assay (relative luminescence intensity) measured from the cell lysate (without PEI): the maximum luminescence intensity corresponds 100% in each
sample set (LUC + HTB sample showed always the highest activity, and this value was compared to the maximum intensity of the corresponding LUC
(adj.) and HTB samples).
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Figure 3 | Assembly of enzyme cascades or cofactor–enzyme cascades on hexagon-like DNA scaffolds, their imaging and their functional
characterization. a, Assembly of the GOx and HRP enzymes on the two-hexagon (I) and four-hexagon (II) strips. b, (I) AFM image and cross-sectional
analysis of the GOx/HRP enzymes assembled on the two-hexagon strip. (II) AFM image and cross-sectional analysis of the GOx/HRP enzymes assembled
on the four-hexagon strip. (III,IV) Confocal microscopy images of the FAM–HRP/TAMRA–GOx enzymes assembled on the two- and four-hexagon DNA
scaffolds, respectively. Images represent the overlay of the fluorescence of the two fluorophores; lex ¼ 488 nm. Image III shows a red strip implying effective
FRET, whereas image IV appears green, indicating inefficient FRET. c, Time-dependent absorbance changes as a result of the oxidation of ABTS2- by the
GOx–HRP cascade in the presence of (I) the two-hexagon scaffold, (II) the four-hexagon scaffold, (III) in the absence of any DNA, and (IV) in the presence
of foreign calf thymus DNA. d, Assembly of the NADþ/GDH system on the two-hexagon scaffold using different lengths of tethers linking the NADþ

cofactor to the scaffold. e, Time-dependent absorbance changes as a result of the cofactor-mediated oxidation of glucose by (I) the 90-base (12) chain
tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (II) the 60-base (11) chain tethered NADþ cofactor/GDH associated with the
two-hexagon DNA scaffold, (III) the 40-base (10) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (IV) the 20-base
(9) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (V) the 10-base (7) chain tethered NADþ cofactor/GDH
associated with the two-hexagon DNA scaffold, (VI,VII) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the presence of
the foreign calf thymus DNA, respectively, (VIII,IX) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the absence of DNA
scaffold, respectively.
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Enzyme cascades activated on topologically
programmed DNA scaffolds
Ofer I. Wilner, Yossi Weizmann, Ron Gill, Oleg Lioubashevski, Ronit Freeman and Itamar Willner*

The ability of DNA to self-assemble into one-, two- and
three-dimensional nanostructures1–14, combined with the pre-
cision that is now possible when positioning nanoparticles15–19

or proteins20–24 on DNA scaffolds, provide a promising
approach for the self-organization of composite nanostruc-
tures25–27. Predicting and controlling the functions that
emerge in self-organized biomolecular nanostructures is a
major challenge in systems biology, and although a number of
innovative examples have been reported28–30, the emergent
properties of systems in which enzymes are coupled together
have not been fully explored. Here, we report the self-assembly
of a DNA scaffold made of DNA strips that include ‘hinges’ to
which biomolecules can be tethered. We attach either two
enzymes or a cofactor–enzyme pair to the scaffold, and show
that enzyme cascades or cofactor-mediated biocatalysis can
proceed effectively; similar processes are not observed in diffu-
sion-controlled homogeneous mixtures of the same com-
ponents. Furthermore, because the relative position of the
two enzymes or the cofactor–enzyme pair is determined by
the topology of the DNA scaffold, it is possible to control the
reactivity of the system through the design of the individual
DNA strips. This method could lead to the self-organization
of complex multi-enzyme cascades.

The self-assembled DNA nanostructures consist of a set of
single-stranded nucleic acids of pre-designed sequence composition
that show partial complementarities to form ‘hexagon-like’ hybrid-
izations that lead to the formation of the strips. Figure 1a depicts the
schematic self-organization of the strips by the interaction of two
nucleic acids, 1 and 2, which have partial base complementarity.
Each of the single-stranded nucleic acids includes 70 bases, and
the formation of the strips includes, in each ‘hexagon’, 60 bases
and a free apendant nucleic acid composed of 10 bases linked to
the hexagons. These tethers are able to act as hinges for the associ-
ation of the biomolecules with the DNA scaffold. Figure 1b shows
the schematic self-assembly of strips consisting of four hexagon con-
struction units. Four single-stranded nucleic acids, 3, 4, 5 and 6,
were used; 3 and 6 consisted of 100 bases each, and 4 and 5
consisted of 90 bases each. The partial, pre-designed, complemen-
tary features of these nucleic acids leads to the formation of four-
hexagon strips, while confining the single-stranded tethers to the
edge hexagons composed of 3 and 6. It should be noted that the
term ‘hexagon’ is used mainly for clarification of the self-assembly
principle. The edges include flexible single-stranded domains, so
the hexagon structures are, certainly, structurally distorted, but,
due to hybridization, they have circularly shaped configurations.
Figure 1c shows the atomic force microscopy (AFM) images of
the resulting DNA strips consisting of the two nucleic acids
1 and 2. The surface (mica) is coated with single and bundled
nanostructures of DNA strips having lengths of tens of micrometres
(Fig. 1c, image I). Among the bundles, single hexagon strips can also

be detected. Figure 1c, image II, shows an AFM image of a single
two-hexagon strip, and image III presents the cross-sectional analy-
sis of the strip. The height of the DNA strip corresponds to !2 nm
and the width !25 nm. This height is consistent with the reported
values for duplex DNA structures on surfaces27 (for the discussion
on the width parameter, see below). Figure 1d shows AFM images
of the strips resulting from the self-assembly of the four nucleic
acids 3 to 6. Bundles and single strips are also observed (Fig. 1d,
image IV). Images V and VI in Fig. 1d depict a single four-
hexagon strip and the cross-sectional analysis of the strip, respect-
ively. The width of the single strip corresponds to !45 nm. This
value should be compared with the width of the two-hexagon
strips of Fig. 1c, image II, measured as !25 nm. Taking into
account the tip dimensions, these values translate to width values
of !13 nm for the two-hexagon strips and !33 nm for the four-
hexagon strips. These values are in full agreement with the estimated
geometric widths of the strips (see Supplementary Fig. S1). The for-
mation of the DNA strips was further supported by scanning elec-
tron microscopy (SEM) analyses (see Supplementary Fig. S2).

The formation of these self-organized DNA strips, and the possi-
bility of controlling physicochemical properties of chemical com-
ponents attached to the DNA scaffolds, were demonstrated by
fluorescence resonance energy transfer (FRET) experiments.
The dyes 5-carboxyfluorescein N-succinimidyl ester (FAM) and
5-carboxy-tetramethylrhodamine N-succinimidyl ester (TAMRA)
were used to functionalize the nucleic acids 7 and 8, which are
complementary to the free nucleic acid tethers at the edges of the
two-hexagon (nucleic acids 1 and 2) and four-hexagon strips
(nucleic acids 3 and 6).

We found by fluorescence measurements in solution and confo-
cal fluorescence microscopy analyses on surfaces that FRET between
the FAM and TAMRA dyes occurred, and that the efficiency of the
FRET was controlled by the distance separating the dyes (see
Supplementary Figs S3 and S4).

The resulting two-hexagon and four-hexagon nanostructures
were, then, used as scaffolds for the self-assembly of two concate-
nated enzymes, glucose oxidase (GOx) and horseradish peroxidase
(HRP), and for the activation of a biocatalytic cascade on the DNA
systems. The HRP was functionalized with nucleic acid 7, which is
complementary to the free tethers of 1 and 3 in the two- and four-
hexagon structures, respectively (Fig. 2). Similarly, GOx was modi-
fied with nucleic acid 8, which is complementary to the free tethers
of 2 and 6 in the two- and four-hexagon structures, respectively. The
7-modified HRP and 8-functionalized GOx were, then, caused to
interact with the DNA scaffolds to yield the protein–DNA supramo-
lecular structures (Fig. 3a, structures I and II). The AFM images of
the two-protein–DNA hybrids, formed on the two- and four-
hexagon DNA scaffolds, and their cross-sectional analyses are
shown in Fig. 3b, images I and II, respectively. The heights of the
resulting strips are !3.5 nm, consistent with the build-up of
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Enzyme cascades activated on topologically
programmed DNA scaffolds
Ofer I. Wilner, Yossi Weizmann, Ron Gill, Oleg Lioubashevski, Ronit Freeman and Itamar Willner*

The ability of DNA to self-assemble into one-, two- and
three-dimensional nanostructures1–14, combined with the pre-
cision that is now possible when positioning nanoparticles15–19

or proteins20–24 on DNA scaffolds, provide a promising
approach for the self-organization of composite nanostruc-
tures25–27. Predicting and controlling the functions that
emerge in self-organized biomolecular nanostructures is a
major challenge in systems biology, and although a number of
innovative examples have been reported28–30, the emergent
properties of systems in which enzymes are coupled together
have not been fully explored. Here, we report the self-assembly
of a DNA scaffold made of DNA strips that include ‘hinges’ to
which biomolecules can be tethered. We attach either two
enzymes or a cofactor–enzyme pair to the scaffold, and show
that enzyme cascades or cofactor-mediated biocatalysis can
proceed effectively; similar processes are not observed in diffu-
sion-controlled homogeneous mixtures of the same com-
ponents. Furthermore, because the relative position of the
two enzymes or the cofactor–enzyme pair is determined by
the topology of the DNA scaffold, it is possible to control the
reactivity of the system through the design of the individual
DNA strips. This method could lead to the self-organization
of complex multi-enzyme cascades.

The self-assembled DNA nanostructures consist of a set of
single-stranded nucleic acids of pre-designed sequence composition
that show partial complementarities to form ‘hexagon-like’ hybrid-
izations that lead to the formation of the strips. Figure 1a depicts the
schematic self-organization of the strips by the interaction of two
nucleic acids, 1 and 2, which have partial base complementarity.
Each of the single-stranded nucleic acids includes 70 bases, and
the formation of the strips includes, in each ‘hexagon’, 60 bases
and a free apendant nucleic acid composed of 10 bases linked to
the hexagons. These tethers are able to act as hinges for the associ-
ation of the biomolecules with the DNA scaffold. Figure 1b shows
the schematic self-assembly of strips consisting of four hexagon con-
struction units. Four single-stranded nucleic acids, 3, 4, 5 and 6,
were used; 3 and 6 consisted of 100 bases each, and 4 and 5
consisted of 90 bases each. The partial, pre-designed, complemen-
tary features of these nucleic acids leads to the formation of four-
hexagon strips, while confining the single-stranded tethers to the
edge hexagons composed of 3 and 6. It should be noted that the
term ‘hexagon’ is used mainly for clarification of the self-assembly
principle. The edges include flexible single-stranded domains, so
the hexagon structures are, certainly, structurally distorted, but,
due to hybridization, they have circularly shaped configurations.
Figure 1c shows the atomic force microscopy (AFM) images of
the resulting DNA strips consisting of the two nucleic acids
1 and 2. The surface (mica) is coated with single and bundled
nanostructures of DNA strips having lengths of tens of micrometres
(Fig. 1c, image I). Among the bundles, single hexagon strips can also

be detected. Figure 1c, image II, shows an AFM image of a single
two-hexagon strip, and image III presents the cross-sectional analy-
sis of the strip. The height of the DNA strip corresponds to !2 nm
and the width !25 nm. This height is consistent with the reported
values for duplex DNA structures on surfaces27 (for the discussion
on the width parameter, see below). Figure 1d shows AFM images
of the strips resulting from the self-assembly of the four nucleic
acids 3 to 6. Bundles and single strips are also observed (Fig. 1d,
image IV). Images V and VI in Fig. 1d depict a single four-
hexagon strip and the cross-sectional analysis of the strip, respect-
ively. The width of the single strip corresponds to !45 nm. This
value should be compared with the width of the two-hexagon
strips of Fig. 1c, image II, measured as !25 nm. Taking into
account the tip dimensions, these values translate to width values
of !13 nm for the two-hexagon strips and !33 nm for the four-
hexagon strips. These values are in full agreement with the estimated
geometric widths of the strips (see Supplementary Fig. S1). The for-
mation of the DNA strips was further supported by scanning elec-
tron microscopy (SEM) analyses (see Supplementary Fig. S2).

The formation of these self-organized DNA strips, and the possi-
bility of controlling physicochemical properties of chemical com-
ponents attached to the DNA scaffolds, were demonstrated by
fluorescence resonance energy transfer (FRET) experiments.
The dyes 5-carboxyfluorescein N-succinimidyl ester (FAM) and
5-carboxy-tetramethylrhodamine N-succinimidyl ester (TAMRA)
were used to functionalize the nucleic acids 7 and 8, which are
complementary to the free nucleic acid tethers at the edges of the
two-hexagon (nucleic acids 1 and 2) and four-hexagon strips
(nucleic acids 3 and 6).

We found by fluorescence measurements in solution and confo-
cal fluorescence microscopy analyses on surfaces that FRET between
the FAM and TAMRA dyes occurred, and that the efficiency of the
FRET was controlled by the distance separating the dyes (see
Supplementary Figs S3 and S4).

The resulting two-hexagon and four-hexagon nanostructures
were, then, used as scaffolds for the self-assembly of two concate-
nated enzymes, glucose oxidase (GOx) and horseradish peroxidase
(HRP), and for the activation of a biocatalytic cascade on the DNA
systems. The HRP was functionalized with nucleic acid 7, which is
complementary to the free tethers of 1 and 3 in the two- and four-
hexagon structures, respectively (Fig. 2). Similarly, GOx was modi-
fied with nucleic acid 8, which is complementary to the free tethers
of 2 and 6 in the two- and four-hexagon structures, respectively. The
7-modified HRP and 8-functionalized GOx were, then, caused to
interact with the DNA scaffolds to yield the protein–DNA supramo-
lecular structures (Fig. 3a, structures I and II). The AFM images of
the two-protein–DNA hybrids, formed on the two- and four-
hexagon DNA scaffolds, and their cross-sectional analyses are
shown in Fig. 3b, images I and II, respectively. The heights of the
resulting strips are !3.5 nm, consistent with the build-up of
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Figure 3 | Assembly of enzyme cascades or cofactor–enzyme cascades on hexagon-like DNA scaffolds, their imaging and their functional
characterization. a, Assembly of the GOx and HRP enzymes on the two-hexagon (I) and four-hexagon (II) strips. b, (I) AFM image and cross-sectional
analysis of the GOx/HRP enzymes assembled on the two-hexagon strip. (II) AFM image and cross-sectional analysis of the GOx/HRP enzymes assembled
on the four-hexagon strip. (III,IV) Confocal microscopy images of the FAM–HRP/TAMRA–GOx enzymes assembled on the two- and four-hexagon DNA
scaffolds, respectively. Images represent the overlay of the fluorescence of the two fluorophores; lex ¼ 488 nm. Image III shows a red strip implying effective
FRET, whereas image IV appears green, indicating inefficient FRET. c, Time-dependent absorbance changes as a result of the oxidation of ABTS2- by the
GOx–HRP cascade in the presence of (I) the two-hexagon scaffold, (II) the four-hexagon scaffold, (III) in the absence of any DNA, and (IV) in the presence
of foreign calf thymus DNA. d, Assembly of the NADþ/GDH system on the two-hexagon scaffold using different lengths of tethers linking the NADþ

cofactor to the scaffold. e, Time-dependent absorbance changes as a result of the cofactor-mediated oxidation of glucose by (I) the 90-base (12) chain
tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (II) the 60-base (11) chain tethered NADþ cofactor/GDH associated with the
two-hexagon DNA scaffold, (III) the 40-base (10) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (IV) the 20-base
(9) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (V) the 10-base (7) chain tethered NADþ cofactor/GDH
associated with the two-hexagon DNA scaffold, (VI,VII) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the presence of
the foreign calf thymus DNA, respectively, (VIII,IX) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the absence of DNA
scaffold, respectively.
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Time-dependent absorbance changes 
as a result of the oxidation of ABTS2- by 
the GOx–HRP cascade in the presence 
of (I) the two-hexagon scaffold, (II) the 
four-hexagon scaffold, (III) in the 
absence of any DNA, and (IV) in the 
presence of foreign calf thymus DNA 
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I. DNA molecular structure and properties 
 DNA and RNA chemical structures 
 Biological functions of nucleic acids 
 DNA (un)stability 
 DNA synthesis (chemical and PCR-based) 

 
II. Design of new functionalities for DNA 

 Few words on biosensors and biochips 
 Aptamers 
 Biosensing with aptamers 
 Data storage with DNA 

 
III. DNA as a nanometric tunable object 

 Seeman’s work 
 DNA origamis, structures & design 
 DNA based origamis for sensing 
 DNA bricks 
 DNA machines 
 DNA multi-enzyme catalysts 

 
IV. Some work completed in Grenoble 

 DNA based nano-electronics 
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DNA and micro-nano(electronics) 
 
 
 
 
 
 
 
 
 
 
 
prepared with Raluca Tiron, 
CEA researcher (raluca.tiron@cea.fr) 
 
Results from the A3DN project carried in Grenoble (R. Tiron & D. Gasparutto) 
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DNA and micro-nano(electronics) 
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Sensors and Actuators B: Chemical, Volume 146, Issue 1, 8 April 2010, Pages 138–144 

DNA and silicon nanowires 
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microfluidic channel was lithographically patterned and devel-
oped on the center of the fabricated silicon nanowire as previously
reported (MN et al., 2016). Fabrication of the channel began with
spin-coating the SU-8 resist at 300 rpm for 25 s on a cleaned si-
licon substrate surface and followed by a baking process at 90 °C
for 75 min. The resulted thickness of the resist on top of the silicon
substrate was approximately 100 mm. Then, the coated sample was
exposed under ultraviolet (UV) light using a conventional litho-
graphy process for 240 s to transfer the channel geometry pattern
onto the resist layer. Before developing process, the exposed
sample was post baked at 90 °C for 15 min. The development of
the sample was executed for various developing times using the
SU-8 developer to determine whether the unexposed resist dis-
solved sufficiently. The dimensions of the open chamber micro-
fluidic channel were 5 mm in length and 0.1 mm (100 mm) in
width with 1.2-mm diameter inlet/outlet holes. The role of using
microfluidic channel is to provide precision in delivery of various
chemicals at small volume, thus serving indirectly as a passivation

layer to protect the electrodes pad from short-circuiting the sen-
sing current. The development of silicon nanowire device was
completed after the integration of microfluidic channel as sche-
matically illustrated in Fig. 1(a).

2.3. Functionalization of silicon nanowire surfaces for molecular gate
control

Functionalization of silicon nanowire surface with bio-re-
cognition element (receptor molecules) is an important procedure
for the development of biosensor, so that the device is capable and
provides powerful set of tools for identifying a specific target
molecule. The three steps involved in this functionalization are
surface modification, DNA immobilization and DNA hybridization
as schematically shown in Fig. 1(b). A chemical binding approach
in the surface modification has been chosen in this research, to
ensure that the targeted species are identified precisely, accurately
and reliably. This approach is based on the binding of the probe

Fig. 1. Schematic illustration of (a) the silicon nanowire device integrated with microfluidic channel and (b) the surface functionalization, including surface modification by
APTES and glutaraldehyde, DNA immobilization and DNA hybridization on the silicon nanowire surface.

M. Nuzaihan M.N. et al. / Biosensors and Bioelectronics 83 (2016) 106–114108

DNA and silicon nanowires 
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Micro- (nano-)electronics & Moore’s law: a major issue 

Source: Semiconwest 2016 

Moore's law, enounced in 1965 by Gordon Moore, the co founder of  Intel, is the 
observation that the number of transistors in a dense integrated circuit doubles 
approximately every two years.  

After the 28nm node, we can continue  
to make transistors smaller, but not cheaper. EETimes 
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Feature processing by photo-lithography: a top-dow approach 

Mask 

Exposure  
tool 

Coated  
wafer 

Photolithography is a process used in microfabrication to pattern parts of a thin film. 
It uses light to transfer a geometric pattern from a photomask to a light-sensitive 
chemical "photoresist“ (resist) on the substrate. (wikipedia) 

Same mask used many times to print 
thousand of wafers 

CD: pattern resolution 
λ  : exposure wavelenght  
      (193nm today in production) 
k1, NA: constants 

Light wavelenght dictates patterning 
resolution (diffraction limits)  
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Top-down versus bottom up approach 

Self-assembly: a process in which a disordered system of pre-existing components 
forms an organized structure or pattern as a consequence of specific, local 
interactions among the components themselves, without external direction. (wikipedia) 

TO GO FORWARD NEED TO THINK 
DIFFERENTLY: SELF ASSEMBLY A 

BOTTOM-UP APPROACH 
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DNA single stranded bricks 

SELF-ASSEMBLY EVERYWHERE IN THE NATURE 

BUT KEEP IN MIND HIGH RESOLUTION   
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DNA origami honeycomb lattices 

100 nm 

P.Wang et al, J. Am. Chem. Soc., 2016, 138 (24), pp 7733–7740 

CD = 40nm 
Pitch = 60nm 
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Oxide deposition (CVD) with DNA templates 

J. Am. Chem. Soc., 2013, 135, 6778–6781 
DOI: 10.1021/ja401785h 

When samples are exposed to a mixed vapor of Si(OEt)4 (TEOS), H2O, and 
NH3, deposition of SiO2 occurred selectively on the SiO2 surface that was not 
covered by the DNA template, resulting in a negative-tone pattern of SiO2  

To reverse the area selectivity of the CVD, propanol vapor was introduced 
and the relative humidity of the reaction chamber was increased. In this case, 
the CVD reaction selectively deposited SiO2 onto the DNA nanostructures to 
produce a positive-tone pattern  
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Oxide deposition (CVD) with DNA templates 
selective deposition of inorganic oxide onto a DNA nanostructure in the presence of a SiO2 substrate 

J. Am. Chem. Soc., 2013, 135, 6778–6781 
DOI: 10.1021/ja401785h 

-      +      -      +     -       + 

+/- presence of water/n-propanol 

 
Oxide deposition on different 
substrates with <20nm lateral 
resolution 
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HF « dry » etching of SiO2 on DNA nanostructures 

J. Am. Chem. Soc., 2011, 133 (31), pp 11868–11871 

HF induced pattern transfer from DNA nanostructures 
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J. Am. Chem. Soc., 2011, 133 (31), pp 11868–11871 

SiO2(s) + 4 HF(g) à SiF4(g) + 2 H2O(g) 
 
6 HF + 3 H2O à 3 HF2

- + 3 H3O+ (deprotonation) 
 
3 HF2

- + 3 H3O+ + SiO2 à 2 HF + SiF4 + 5 H2O (etching) 
 

•  DNA may absorb water (up to +100% w/w!) (phosphate groups) 

•  but DNA may also serve as a diffusion barrier after deposition on SiO2… 

•  ... then H2O content in SiO2 adsorbed DNA may favor or inhibit HF dry etching 

HF « dry » etching of SiO2 on DNA nanostructures 

HF induced pattern transfer from DNA nanostructures 
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J. Am. Chem. Soc., 2011, 133 (31), pp 11868–11871 

50% relative  
humidity, 5 min 

34% relative  
humidity, 15 min 

Triangular DNA origami 
on a SiO2 surface 

Scale bars represent 100 nm. 

HF induced pattern transfer from DNA nanostructures 
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DNA Origami Mask for sub-10 nm lithography 

I/ Design: cadnano  II/ Synthesis:  

1- DNA adsorption  
on Si-SiO2 

2- DNA pattern transfer  
by HF vapor etching 

3- DNA mask removal 

III/ Process : 
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Sub 10 nm-large patterns transferred onto SiO2 

AFM images of DNA and SiO2 substrate before and after HF vapor etching.  
All values are given in nm. Scale bars: 50 nm. 

Diagne C et all. 
ACS Nano. 2016 Jul 26;10(7):6458-63 
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DNA used a conducting nanowire 

DNA metallization process:  
o  activation step consisting in an exchange of 

metallic cations on the DNA backbone,  
o  cluster NW growth by electroless plating process,  
o  achievement of a uniform and continuous 

metallic nanowire. 

AFM images after metalization 

C.Brun et al, IEEE Nanotechnology Magazine, Vol. 11 (1), 2017 
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DNA used a conducting nanowire 

C.Brun et al, IEEE Nanotechnology Magazine, Vol. 11 (1), 2017 

SEM images of the fabricated Ti/Au NWs 
from suspended DNA wires 

I/V curve for 80-nm diameter metallic NWs 
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Thank you for your attention, 
enjoy your stay in Grenoble! 
 


