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What	we	already	covered	

•  Bricks	are	domains	of	double-helices	composed	of	
staple	strands	hybridized	to	scaffold	strands.	

•  Neighboring	double-stranded	domains	are	
connected	via	inter-helix	connecJons	(immobilized	
Holliday	juncJons)	formed	by	anJparallel	crossovers.	

•  Crossovers	can	be	scaffold	or	staple	
•  The	density	of	cross-overs	affects	the	dimensions	of	
the	object	in	both	single-	and	mulJ-layer	origami	



Some	tricks	we’ve	seen	

•  single-stranded	scaffold	segments	
–  entropic	springs	in	tensegrity	structures		
(think	of	DNA	polymer	as	loose	spring).		
hPp://scienJficcuriosity.blogspot.com/2007/12/on-
rubber-bands-entropic-springs-and.html	

•  See	Shih	et	al,	Self-assembly	of	3D	prestressed	tensegrity	
structures	from	DNA.	

•  prevenJng	unwanted	base-stacking	interacJons	
at	interfaces	(loops	at	interfaces)	

•  single-stranded	scaffold/staple	can	serve	as	
anchors	(nano	breadboard).	



Square,	Hex	or	Honeycomb?	

•  Depends	on	whether	your	object	is:	
–  Container-like	(may	use	single-layer)	
–  Space-filling	(may	use	mulJ-layer)	

Yield	 Time	 Salt	

Single-layer	 100%	 Few	hours*	 20◦C,	40	mM	Na+	and	
12	mM	Mg2+.		

MulJ-layer	 Depending	on	
structure,	5-20%	

Up	to	a	week:	
Ex:	“80°C	to	60°C	over	
the	course	of	80	
minutes	and	then	
cooled	from	60°C	to	
24°C	over	the	course	of	
173	hours.”**	

buffer	and	salts	
including	5	mM	Tris,	1	
mM	EDTA	(pH	7.9	at	
20°C),	16	mM	MgCl2	

*Folding	DNA	to	create	nanoscale	shapes	and	paPerns	
**Self-assembly	of	DNA	into	nanoscale	three-dimensional	shapes		



Square,	Hex	or	Honeycomb?	

•  Single-layer	(2D	or	3D	container):	
– Square	(no	menJon	of	honeycomb	or	hex)?	

•  MulJ-layer	(3D	space-filling):		
–  Can	use	square	or	honeycomb	(or	hex,	depending	on	your	
needs)	

– What’s	the	difference?	

	



Square,	Hex	or	Honeycomb?	
•  Square:	

–  four	nearest	neighbors	per	helix	
–  can	assume	either	10.67	or	10.5	bp	per	turn	

•  If	10.5,	average	spacing	is	5.25	bp	between	crossovers	(non-constant	spacing	
intervals).	

•  If	10.67,	can	use	constant	spacing	of	8	bp.	Between	two	neighbors,	crossovers	are	
spaced	at	32	bps.	

–  Results	in	twists/strains	which	deforms	object	
•  must	be	eliminated	by	non-constant	deviaJon	from	8bp.	
•  can	be	minimized	in	mulJ-layer	objects	by	increasing	torsional	sJffness	in	helical	

direcJon	(eliminaJng	bps	to	reduce	helical	turn	length)	
–  	(see	Shih	et	al,	MulJlayer	DNA	Origami	Packed	on	a	Square	Lalce).	

–  Densely	packed	objects/rectangular	features	
–  Requires	addiJonal	effort	to	eliminate	global	twist	deformaJons	





Square,	Hex	or	Honeycomb?	
•  Honeycomb	lalce:		

To	constrain	DNA	double-helix	domains	to	this	lalce	
configuraJon,	you	need	to	follow	these	rules:	
–  assumes	10.5	bp	per	full	turn.	
–  each	helix	has	3	nearest	neighbors	
–  crossovers	at	7	bp,	or	240*	-->	5'->3':	noon,	8	pm	(240*),	4	am,	
noon.	

•  deviaJons	cause	local	under/over	twists	+	axial	strain.	Targeted	
removal/addiJon	of	bp	can	cause	global	twists/bending	that	can	be	
tuned.		

–  (see	Shih	et	al,	Folding	DNA	into	twisted	and	curved	nanoscale	shapes).	
–  place	cross-overs	between	a	parJcular	pair	every	21	bases,	and	
since	you	have	3	neighbors,	all	crossovers	can	be	spaced	out	at	
7	bp	for	each	neighbor.		

–  creates	more	porous	structures	
–  no	need	to	eliminate	twists	(with	respect	to	crossovers)	



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 ( 3 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 0.34 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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Square,	Hex	or	Honeycomb?	

•  Hexagonal	Lalce:	
–  Six	nearest-neighbors	
– Most	densely	packed	
–  Best-yielding	S-version	(short)	has	crossovers	every	9-
bp,	or	10.8	bp/turn.	

–  Least	suscepJble	to	twist/compression	amongst	all	
three	architectures.	

– Not	available	in	caDNAno	currently,	manually	
designed	

•  See	Shih	et	al,	MulJlayer	DNA	Origami	Packed	on	Hexagonal	
and	Hybrid	Lalces	



Single-layer	Square	lalces 

•  Constant	spacing	of	16	bp	between	crossovers	
•  Likely	twisted	shape	in	soluJon	
•  Lays	flat	on	surface	(mica)	due	to	adhesion	
interacJons	



Cross-overs,	again 

•  Both	staple	and	scaffold	strands	contribute	crossovers,	
however:	
–  For	thicker	objects	(>2	layers),	avoid	global	shape	deformaJon	
by	using	2	reference	frames	(for	staple	vs.	scaffold	crossovers)	

•  Shiped	5-6	bps	
•  Neglects	major/minor	grooves	in	B-DNA	

–  For	thinner	objects,	might	need	to	keep	track	of	major/minor	
grooves	to	avoid	rolling	up	in	the	direcJon	perpendicular	to	the	
dsDNA	axis.	

•  See	Rothemund	et	al,	Design	and	CharacterizaJon	of	Programmable	
DNA	Nanotubes	

•  AlternaJve:	use	high	densi*es	of	staple	cross-overs	and	
avoid	scaffold	cross-overs	as	much	as	possible.	



Dimension	EsJmates 

•  Rules	of	thumb:	
– 0.34	per	bp	à	length	=	(#	of	bps)	x	0.34	nm		
– Width:	

•  2H	+	(H	–	1)g	
–  H	=	#	of	double-helical	domains	along	axis	(2	nm	wide)	
–  g	=	interhelical	gap	size	in	nm	between	cross-overs	on	the	
same	axis.	

•  EffecJve	width	of	a	double-helix	domain:	2.1	-	2.4	nm	



CanDo	model 

•  Finite	element	method	to	compute	3D	DNA	
origami	shapes.	

•  Models	bps	as	2-node	beam	finite	elements,	
represenJng	elasJc	rod	with	geometric	and	
material	parameters.	
– Defaults:	

•  Length:	0.34	nm	
•  Diameter:	2.25	nm	
•  Stretch	modulus:	1,100	pN	
•  Bend	modulus	of	230	pN	nm2	

•  Twist	modulus	of	460	pN	nm	



CanDo	result 

•  Deformed	shape	of	relaxed	structure	
•  Heatmaps	of	local	magnitude	of	thermally	
induced	fluctuaJons	(flexibility)	



CanDo	limitaJons 

•  Sequence	details	neglected	
•  Does	not	model	interhelical	electrostaJc	
repulsion	

•  Neglects	major/minor	groove	details.		
•  Does	not	model	tensegrity-like	structures	



Origami	object	stability 

•  Do	origami	objects	remain	folded?	
– Heat	
– SoluJon	condiJons	
– Nucleases	



Design	steps 

1.  Conceive	target	shape	
2.  Design	layout,	evaluate	design	and	determine	

staple	sequences	
3.  Prepare	scaffold	DNA/synthesize	stapes	
4.  Pool	subsets	of	concentraJon-normalized	

oligonucleoJdes	
5.  Run	molecular	self-assembly	reacJons	
6.  Analyze	folding	quality/purify	objects	
7.  Single-parJcle	based	structural	analysis	
	
	



1.	Conceive	target	shape	

Single	or	mulJ-layer?	
Square	or	honeycomb	(or	hex	or	hybrid?)	
Can	divide	into	modules	and	design.	



2.	Design	layout,	evaluate	design	and	
determine	staple	sequences	

“In	pracJce,	mulJple	scaffold-staple	layouts	may	
have	to	be	made	for	the	same	target	object	to	
idenJfy	a	soluJon	that	yields	well-folded	
objects.”	à	Trial	and	error	
•  Might	require	site-directed	aPachments	or	
fluorescent	dyes.	



3.	Prepare	scaffold	DNA/synthesize	stapes	

•  The	quality	of	folding	of	DNA	origami	objects	may	
depend	on:	
–  the	scaffold	sequence	and		
–  the	parJcular	cyclic	permutaJon	used	in	the	design.		

•  Preparing	single	stranded	DNA	through:	
–  Supplementary	Protocol	I:	growing	phage	+	purificaJon	
–  EnzymaJc	digesJon	of	a	strand	
–  Can	use	dsDNA	

•  “DNA	origami	objects	are	assembled	with,	on	the	
average,	40-nucleoJde-long	staple	molecules;	
individual	staples	may	range	in	length	from	18	
nucleoJdes	to	50	nucleoJdes”	

	



4.	Pool	subsets	of	concentraJon-
normalized	oligonucleoJdes	

“Equal	amounts	of	concentraJon-normalized	
staple	oligonucleoJdes	belonging	to	a	structural	
module	are	mixed	to	form	a	common	pool.	“	



5.	Run	molecular	self-assembly	reacJons	

“The	goal	of	the	assembly	reacJon	is	to	reach	a	minimum	energy	state	at	condiJons	
where	the	minimum	corresponds	to	the	target	structure.”	
	
•  Single-layer	objects	self-assemble	faster	than	mulJlayer	objects.		
•  The	assembly	of	mulJlayer	objects	can	proceed	along	a	mulJtude	of	pathways	

that	may	not	necessarily	lead	to	the	fully	folded	target	structure	but	to	parJally	
folded	dead	ends	(kineJc	traps)	in	which	parts	of	the	structure	need	to	dissolve	
before	assembly	can	proceed.		

•  Single-layer	objects	can	be	assembled	by	briefly	heaJng	the	mixture	of	scaffold	
and	staples	to	80	°C,	followed	by	annealing	at	room	temperature	during	a	few	
hours.		

•  MulJlayer	structures	have	been	observed	to	require	annealing	over	several	days.		
•  Isothermal	chemical	denaturaJon	and	renaturaJon	is	an	alternaJve	to	thermal	

annealing	(formamide).		
•  Folding	DNA	origami	objects	by	sequenJal	addiJon	of	staples	to	scaffold	or	by	

tuning	the	staple	length	or	sequence	composiJon	remain	unexplored	methods	by	
which	the	user	may	direct	the	system	along	assembly	pathways	devoid	of	
substanJal	kineJc	folding	traps.		

	



5.	Run	molecular	self-assembly	reacJons	

A	folding	reacJon	contains:	
	1)	scaffold	DNA	
	2)	staple	DNA	
	3)	water	
	4)	pH-stabilizing	buffer		
	5)	addiJonal	ions.		

•  Scaffold	and	staple	DNA	are	typically	added	such	that	each	staple	is	
present	in	a	defined	stoichiometry	relaJve	to	the	scaffold	in	five-to	tenfold	
excess	à	Exact	stoichiometries	seem	not	to	maPer.	

•  Scaffold	strands	need	not	be	purified	
•  Different	staple-scaffold	stoichiometries	may	need	to	be	tested.	
•  Yield	of	assembly	of	mulJlayer	objects	is	sensiJve	to	MgCl2	concentraJon.		
A	detailed	protocol	for	selng	up	folding	reacJons	is	available	in	
Supplementary	Protocol	2.		



6.	Analyze	folding	quality/purify	objects	

•  Analysis	of	the	quality	of	folding	of	DNA	origami	objects	and	
purificaJon	of	a	desired	species	can	be	accomplished	with	agarose	
gel	electrophoresis.		

•  Agarose	gels	and	the	running	buffer	should	contain	magnesium.		
•  For	mulJlayer	objects	it	has	been	found	that	for	a	given	object,	the	

objects	with	lowest	defect	rate	as	judged	by	direct	imaging	by	TEM	
were	those	that	migrate	with	the	highest	speed	through	a	2%	
agarose	gel.		

•  Thus,	assembly	reacJons	can	be	opJmized	by	searching	for	
condiJons	that	yield	the	fastest	migraJng	species.		

•  The	yield	for	agarose	gel	purificaJon	varies	with	object	shape.		
•  A	protocol	for	gel	electrophoresis	and	purificaJon	is	available	in	

Supplementary	Protocol	3.		



7.	Single-parJcle	based	structural	analysis	

•  DNA	origami	objects	may	be	imaged	with	negaJve-stain	or	
cryogenic	TEM	and	with	atomic	force	microscopy	(AFM).		

•  Shape	heterogeneity	can	be	assessed	on	a	parJcle-by-
parJcle	basis.	Image	processing	can	help	to	idenJfy	
systemaJc	structural	flaws	or	to	reconstruct	3D	models	
from	single-parJcle	TEM	data.		

•  NegaJve-stain	TEM	with	2%	uranyl	formate	as	staining	
agent	is	a	convenient	tool	for	imaging	mulJlayer	objects.		

•  Protocols	for	selng	up	negaJve-stain	TEM	and	AFM	
experiments	(with	the	protocol	for	the	laPer	contributed	
by	P.	Rothemund,	Caltech)	are	available	in	Supplementary	
Protocols	4	and	5.		



What	to	take	into	consideraJon	when	
designing 

•  Shape	
•  Scaffold	
•  Staples	
•  Crossover	spacing	
•  Sequence	design	



1.	Preparing	an	input	design	file	using	
the	caDNAno	

Copied	from	hPp://cando-dna-origami.org/usersguide	

In	this	tutorial,	we	will	use	the	.json	file	for	a	53	basepair	long	two-helix	bundle	design	where	
three	inserJons	and	deleJons	exist	in	each	helix.	The	corresponding	.json	file	can	be	
downloaded	here.	



2.	Filling	out	the	submission	form	

Copied	from	hPp://cando-dna-origami.org/usersguide	

	
1. Click	the	red	box	(Submit	a	caDNAno	file	for	analysis...)	to	expand	the	
submission	form	
	

2. Enter	user	informaJon	(Name,	AffiliaJon,	and	E-mail	address).	



2.	Filling	out	the	submission	form	

Copied	from	hPp://cando-dna-origami.org/usersguide	

3.  DNA	geometry	
Default	values	for	average	B-form	DNA	geometry	
are	pre-entered.	AlternaJvely,	users	may	enter	
their	own	values.	
	

4.  DNA	mechanical	proper6es	
Default	values	for	average	B-form	DNA	mechanical	
properJes	are	pre-entered.	Users	may	enter	their	
own	values.	Nicks	are	modeled	by	reducing	
backbone	bending	and	torsional	sJffness	by	a	
factor	of	100	by	default	(corresponding	to	the	
default	nick	sJffness	factor,	0.01)	whereas	
stretching	sJffness	is	retained	at	double-helix	
values.	It	is	not	recommended	to	use	a	nick	
sJffness	factor	less	than	the	default	value	as	it	
may	result	in	much	slower	or	no	convergence	of	
the	analysis.	



2.	Filling	out	the	submission	form	

Copied	from	hPp://cando-dna-origami.org/usersguide	

5.  Model	resolu6on	
CanDo	analysis	is	performed	at	the	coarse	model	resoluJon	by	
default.	Users	have	an	opJon	to	use	the	fine	model	resoluJon	
that	computes	the	shape	and	flexibility	at	a	single	basepair	
resoluJon.	However,	the	use	of	the	coarse	model	is	
appropriate	to	obtain	quick	feedback	for	iniJal	designs	as	it	
significantly	reduces	the	computaJon	Jme.	Here	we	choose	
the	fine	resoluJon	for	purposes	of	this	tutorial.	
	

6.   caDNAno	(.json)	file	
Browse	to	the	locaJon	of	your	caDNAno	design	file.	
	

7.   LaCce	type	
Users	must	choose	the	lalce	type,	either	honeycomb	or	
square.	 3.	Press	Submit	



4.	Viewing	the	results	

Copied	from	hPp://cando-dna-origami.org/usersguide	

Once	the	CanDo	analysis	is	completed,	users	can	download	a	single	zip	file	containing	the	following	results	on	the	result	
page.	
1.  The	deformed	structure	in	unicolor	(****_deformedShape.bild)	
2.  The	deformed	structure	with	root-mean-square	thermal	fluctuaJons	indicated	in	color	superimposed	

(****_RMSF.bild)	
3.  Movies	of	thermal	fluctuaJons	in	three	orthogonal	views	(e.g.	fluctuaJons_view1.avi)	
4.  Movies	of	soluJon	shape	calculaJon	(e.g.	loadsteps_view1.avi)	
5.  The	lowest	five	normal	modes	of	the	deformed	structure	at	1	kBT,	2	kBT,	3	kBT,	and	10	kBT	in	unicolor	(e.g.	

****_Mode1_1KbT.bild)	



Users	may	export	BILD	format	into	VRML	format	for	use	in	other	visualizaJon	programs	including	the	
Autodesk	Maya	for	high-quality	rendering.	For	example,	a	file	conversion	procedure	for	use	with	
Autodesk's	visualizaJon	program	Maya	is	as	follows.	
1.  Open	the	BILD	file	in	UCSF	Chimera	(File	>	Open…).	
2.  Export	the	file	as	a	VRML	file	(File	>	Export	Scene…,	select	file	type	to	VRML	[.wrl,	vrml]).	
3.  Convert	the	VRML	file	into	a	Maya	Ascii	(.ma)	file	by	execuJng	"wrl2ma.exe	-i	{input	file	name,	

****.wrl}	-o	{output	file	name,	****.ma}"	in	command-line.	The	executable	file,	wrl2ma.exe,	is	
located	in	bin	directory	(e.g.	C:\Program	Files\Autodesk\Maya2012\bin).	

4.  Open	the	Maya	Ascii	file	using	the	Autodesk	Maya.	The	figure	below	shows	the	deformed	
structure	imported	into	Maya	(lep)	and	an	example	rendered	image	(right).	

4.	Viewing	the	results	



Recommended	Reading	
	

•  Submicrometre	Geometrically	Encoded	
Fluorescent	Barcodes	Self-assembled	from	
DNA	

•  Controlling	the	FormaJon	of	DNA	Origami	
Structures	with	External	Signals	

•  A	Logic-Gated	Nanorobot	for	Targeted	
Transport	of	Molecular	Payloads	



Arbona	et	al	–		
Modelling	the	folding	of	DNA	origami	

Modelling the folding of DNA origami
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DNA based nanostructures built on a long single stranded DNA
sca↵old, known as DNA origamis, are nowadays the basis of many
applications. These applications range from the control of single-
molecule chemical reaction networks to the organization at the
nanometer scale of various molecules including proteins and carbon
nanotubes. However, many basic questions concerning the mech-
anisms of formation of the origamis have not been addressed so
far. For instance, the robustness of di↵erent designs against factors,
such as the internal topology, or the influence of the staple pat-
tern, are handled empirically. We have built a model for the folding
and melting processes of DNA origamis that is able to reproduce
accurately several thermodynamic quantities measurable from UV
absorption experiments. The model can also be used to design a
new distribution of crossovers that increases the robustness of the
DNA template. The model provides predictions among which a few
of them have been already successfully verified. Therefore, in spite
of its complexity we propose an algorithm that gives the capabil-
ity to design and fabricate templates with dedicated properties, a
necessary step for technological development.
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Abbreviations: ssDNA, single stranded DNA; dsDNA, double stranded DNA; bp, base

pair

S ince its discovery [1], DNA origamis have boosted re-
searchers creativity to fabricate template biosensing

structures or dynamical systems in 2D and 3D. DNA origamis
are based on precise algorithms that allow the fabrication
of self-assembled addressable templates with nanometer scale
accuracy. This unique combination of algorithm and self-
assembled fabrication method has lead to a wealth of new
structures and devices. Besides immediate applications such
as biosensors [2], many strategies take use of DNA dynamical
behaviours to achieve complex functions or structure reconfig-
uration. Prescribed tracks have been used for nanomachines
and nanorobots [3] [4] [5] while strand displacement tech-
nique [6] has been used to reorganise origamis structures [7]
[8]. However, despite these innovative realisations, the folding
process of DNA origamis remains poorly understood. In this
paper we study in depth the process of formation of origamis
through the analysis of melting and annealing curves. Also
simple origami structures with a template of 64 bp long that
mimic basic units of DNA origamis are studied.

The process of formation of a DNA origami can be anal-
ysed by collecting the fluorescence intensity of a reporter dye
[9] or by monitoring the variation of its UV absorption as a
function of the temperature (melting curve) [10]. UV mea-
surement are based on the fact that hybridized bases absorb
less than open bases. The fraction of hybridized bases (de-
gree of pairing ✓(T ) ) can be obtained from raw absorbance
measurements as indicated in SI. The derivative of the melt-
ing curve of a short dsDNA displays a maximum at a well
defined temperature hereafter identified as the melting tem-
perature (T

m

). For longer dsDNA macromolecules, several
maxima may appear ,[11] [12], as a signature of the exis-
tence of contiguous regions that fold (or melt) independently.
DNA origamis are made of a 7200 bases long ssDNA scaffold
(M13mp18) folded with a set of about 200 complementary
short ssDNA (32 bases long) called staples. The set of staples
depends on the detailed connectivity. However, the average

AT and GC content of two origamis based on the same scaf-
fold is identical. Fig. a represents the derivative of the melting
curves of three different origamis based on the same scaffold.
The observed differences Fig. a point to the existence of mech-
anisms of folding that are very different from those at work
in dsDNA macromolecule. To further stress this difference,
Fig. b represents the results obtained by assuming that all
the staples fold independently. Notice that the hypothesis
of an uncorrelated staple folding process leads to a shift of
the melting temperature of 10 �C and to a calculated relative
stability of the three origamis inverted with respect to the
experimental data.

Staples are designed to hold together regions of the scaf-
fold that, otherwise, would be separated by a (possibly) long
sequence. The binding of a staple to the scaffold is hindered
by an entropic penalty that depends on the length of this re-
gion. At high temperature, this region of the scaffold forms
a coil. Depending on the T

m

at which this staple binds, it
may happen that other staples have already folded within the
coil, reducing the entropy. Therefore, the binding of any sta-

Fig. 1. (a)Derivative d✓/dT of the degree of pairing with respect to temperature
for the three DNA origamis represented in the insets. (b) d✓/dT for a model where
the staples fold independently.

Fig. 2. (a) Schematic representation of the connectivity of the small origami.(b)
B1 staple is in the ’outer’ position,(c) B2 staple in the ’inner’ position. (b) and
(c) show that the binding of staples in the outer (b) or inner (c) positions are very
di↵erent.
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Fig. 3. The derivative d✓/dT reported in the four figures corresponds to the folding of the dotted staple. a) experimental data on the folding of B1(AT) cases (A,B,D) in
the absence of B2(GC), cases (C,E) with B2 already folded; b) experimental data on B2 without B1; c) experimental data on B1m; d) experimental data on B2m

ple depends on the previous binding state of the other staples,
leading to a field of interacting loops of various sizes. Stated in
such a way, the problem of describing the folding (unfolding)
path of DNA origamis appears untractable. In an attempt to
have a more quantitative picture, we first simplify the problem
and study a simple structure made of three ssDNA. This three
strand pattern can be viewed as a building block of the DNA
origamis (Fig. a). This preliminary study intends to shed
some light on the local pairing in a DNA origami. From these
experiments, we will derive effective thermodynamic parame-
ters that will be used to describe the folding of DNA origamis.

Small origami
We designed a DNA construction (called small origami)

made of two ssDNA 32b long (staples) and a 64b long ssDNA
(scaffold). This structure is similar to DAO structures[13] and
comparable in size and shape to JX and PX structures which
have already been studied experimentally [14], and theoreti-
cally [15], [16]. Three different sets of staples based on the
same structure were chosen to quantitatively evidence coop-
erative effects during the binding of the staples. In the first
two sets, the two staples (B1 and B2) have very different com-
positions: the sequence of B1 only contains A or T nucleotide
whereas B2 only contains G or C nucleotide. Accordingly,
their melting temperatures are far apart, respectively 57 �C
and 91 �C. This allows to differentiate the two staples in
the melting curve. The third set has two staples, B1m and
B2m, designed with chemical sequences different enough to
avoid mispairing with the 64b template B0. They have close
melting temperatures (respectively 77 �C and 80 �C ) as their
AT/GC ratio are similar.

The topology of the binding is illustrated in (Fig. ): each
staple contains two contiguous parts, 16b long, that bind to
the scaffold. In (Fig. a), B1 is in the ’outer’ position, B2 is in
the ’inner’ position. The difference between these two ways
of binding can be further stressed by considering what hap-
pens when only half of the staple is hybridized. In the ’outer’
position, the unbound parts of the staple and the scaffold are
located on the same side of the bound moities (Fig. b). In
the ’inner’ position, the unbound parts are on opposite sides
(Fig. c). Besides the existence of this entropic hindrance,
the inner position requires that double-helical domains stay
in close contact, which could result in additional instability.
Motivated by these considerations, we have investigated three
different cases:

• B2 is located in the inner part, B1 in the outer part.

• B2 is located in the outer part, B1 in the inner part.
• B1m is located in the outer part, B2m in the inner part.

In (Fig. 3a) we report the derivative of the melting curves
that show the behaviour of the B1 strand for different configu-
rations. Fig. 3a.A corresponds to the melting curve of B1 with
its complementary B1: it shows a maximum peak at 57 �C
and a half width of 4.5 K. We analyse first the case where B1
is outer. Without the staple B2 (Fig. 3a.B), the structure
produces a loop or bulge, as described in [17] that shifts the
free energy towards a lower value and decreases the melting
temperature to 48.5 �C and a half width of 6 K. Thus the fold-
ing is much less robust. When B1 and B2 are both present
two events appear on the melting curve (see (Fig S6) for both
events). The first one at 83 �C corresponding to the folding of
B2 in the inner position (Fig. 3b.B). Then Fig. 3a.C, B1 folds
at a temperature higher than when it is alone, with a maxi-
mum peak at 51.5 �C but with a similar half width. Therefore,
the inner staple B2 helps the pairing of the staple B1 located
in the outer part by suppressing part of the entropic penalty
related to the bulge formed by the scaffold. When B1 is in
the inner part (Fig. 3a.D), the staple hardly folds with the
B0 template. The maximum peak is located at 41.5 �C , 15
K lower than the value of the dsDNA and with a half width
as large as 12 K. This is three times larger than the one of
B1B1. Again, when the B2 staple is added (Fig. 3a.E ), the
pairing of B1 is stabilized with a maximum peak much higher
located at 50 �C but still with a rather large half width of 8 K.
These experimental results support the evidence of a strong
correlation between the two strands that appears when B2 is
added: the presence of B2 helps the folding of B1 whatever its
location. Moreover, these results also show that the location
of the strand is of importance, the inner location being much
less favourable. The origin of this difference is not obvious, it
may in part be the result of an entropic penalty larger than
the one a bulge induces, as it occurs when B1 is located in
the outer domain, but it may also be the consequence of the
energy cost of a local curvature the inner strand imposes to
the B0 template.

For B2 (Fig. 3b) one cannot investigate any correlation
effect as B1 folds at a much lower temperature. However,
the influence of the location of the staple can also be checked
with the B2 staple alone. B2B2 (Fig. 3b.A) has a maximum
peak at 91�C with a half width of 3.5 K, while when B2 is in
the inner position (Fig. 3b.B) the peak is located at 83 �C
with a half width of 8 K. When B2 is in the outer position
(Fig. 3b.C) the peak is located at 86.5�C and is slightly nar-
rower (half width of 6.5 K). Therefore, the same differences
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between the inner and outer positions are observed whatever
the chemical sequence involved.

The experimental results obtained with the B1m-B2m set
of staples are shown in (Fig. 3c and 3d). Again, the same
trends are observed but with less pronounced effects. When
compared with the results obtained with the previous struc-
ture, the temperature shifts and the increase of the half width
are smaller with respect to the melting curves of the dou-
ble strands B1mB1m and B2mB2m. A correlation effect is
also noticeable, and is now observed for both strands B1m and
B2m. When the staple B1m is in the solution, the staple B2m,
which folds at a higher temperature, shows a narrower peak
at a maximum 1.5 �C higher than when it is alone. Therefore
partial folding of the staple B1m helps the folding of the sta-
ple B2m. Similarly to what was observed in the previous case,
the correlation effect is even more effective when we consider
the influence of the B2m staple on the folding process of the
B1m staple (Fig. 3c.D) shifting the T

m

from 67 �C to 72 �C.

Model
The previous section considered the folding of simple DNA
constructions that go beyond the simplest double stranded
DNA structure. The small origamis exhibited contorted struc-
tures with crossovers and their associated entropic penalties
that depend on their location. The small origamis show co-
operative and topological effects that help to start a study
on folding process of DNA origami that bear hundreds of sta-
ples. For this, we need to make a few hypothesis in order to
make the problem tractable. The basic difficulty is related to
the huge number of possible configurations that need to be
handled to compute average properties such as the number
of open base pairs. Long linear structures of double stranded
DNA can be computed rigorously because recurrence relations
can be established in such cases [18],[12]. DNA origamis are
highly connected structures that prevent the use of linear re-
currences.

Let us enumerate the working hypothesis of the model.
Each staple S

i

of length |S
i

| can be divided in parts that hy-
bridize to non-contiguous regions of the scaffold. Let us note
S
i

= partS
i,1 + partS

i,2 + . . . such a division of the strand
sequence (typically, each 32b staple is divided in three parts,
see Fig. 5, but other partitions are possible).

Hypothesis 1: we will focus on configurations where each
part S

i,k

is either completely hybridized or completely free.
Moreover, we also disregard misfolded configurations, that is,
staples that partially hybridize to the ’wrong’ part of the scaf-
fold. Notice that this assumption is plausible for the one layer
origamis we consider here. For more complex, multi-layered
structures, the staples are divided in smaller parts so that
the probability to bind to the wrong part of the scaffold is
considerably increased.

We will call crossover the connection between two con-
tiguous parts of any staple. A crossover is not associated with
a particular DNA base, it is only a convenient notation to
describe the connectivity of the origami. In the examples of
Fig. , typical staples are 32 bases long and composed of three
parts (8,16,8 bases long respectively) linked by two crossovers
cS

i,1 and cS
i,2. On the scaffold side, a crossover is associated

with a loop, a subset of the scaffold that is hybridized (or not)
depending on the presence of other staples. In the previous
example (Fig. a) B1 and B2 are decomposed in two parts
connected each one by a crossover, and B0 plays the role of
the scaffold.

Hypothesis 2: configurations with non contiguous hy-
bridized parts are forbidden. This hypothesis is well verified

when the central part of the staple is much longer than the
other parts. In the following, we will note S

i

(k, l) the configu-
ration where partS

i,k

, partS
i,k+1, . . ., partSi,l

are hybridized,
the other parts being unpaired.

The model aims to compute the probability p(S
i

(k, l), T )
of having a particular folded state of the staple S

i

at tempera-
ture T . We will assume that at very high temperature T = T

h

,
all the staples are unfolded: p(S

i

(k, l), T
h

) = 0 (in practice,
T
h

= 90�C ). The model is recursive: p(S
i

(k, l), T + dT ) is
computed based on the knowledge of p(S

i

(k, l), T ). The in-
crement dT can be both positive or negative: the algorithm
starts from T

h

, the temperature decreases down to a value
T
l

, then increases again. At any temperature T , the prob-
ability to observe a given configuration S

i

(k, l) will depend
upon the presence (or not) of neighbour staples. Therefore,
for each staple a set of neighbour staples {N

↵

(S
i

)} needs to
be defined. How many staples one has to consider in this
set is a parameter of the model. In the following, the set
of neighbour staples will be limited to the staples that are
in the same row of the origami scaffold, and separated by
less than 75b. With these notations, the probability to ob-
serve the staple S

i

in a given configuration S
i

(k, l) and for a
given neighbourhood N

↵

(S
i

) is modelized by an equilibrium
reaction: S

i

(k, l) + N
↵

(S
i

) ⌦ N
↵

(S
i

)S
i

(k, l). This modelling
therefore does not consider any kinetic effect.

Hypothesis 3: because the model only keeps track of the
single probabilities p(S

i

(k, l), T ) and not of the joint proba-
bilities p(S1(k, l), S2(k

0, l0), . . . T ), it is necessary to make an
additional approximation to determine p(N

↵

(S
i

), T ). Again,
based on the data from the small origamis, we assume that
there is a strong correlation between the different staples.
As the processes of annealing and melting are monotonous,
for two staples S

i

1 and S
i

2 we venture the hypothesis that
if p(S

i

1(k, l), T ) < p(S
i

2(k0, l0), T ), then the S
i

2 staple was
present in the structure when S

i

1 staple began to fold. In
order to compute p(N

↵

(S
i

), T ), let us generalize this idea and
order the staples in N

↵

(S
i

) = {S
i

1 , S
i

2 , . . .} in such a way
that p(S

i

1 , T )  p(S
i

2 , T )  . . . < p(S) = 1, where S stands
for the scaffold. According to the high correlation hypothesis,
we approximate the joint probabilities in the following way:

p(S
i

1 , T ) = p(S
i

1 , S
i

2 , . . .)

p(S
i

2 , T )� p(S
i

1 , T ) = p(S
i

2 , S
i

3 , . . .), . . .

For instance, in the case where only two crossovers in-
fluence S

i

, with probability p(S
i

1) both cS
i

1 and cS
i

2 are
present, the probability of only having cS

i

2 is p(S
i

2)� p(S
i

1)

Fig. 4. Computing the entropic penalty for the three di↵erent local intermediate
states (LIS). The staple to be inserted is represented by the dotted line, the sca↵old
by the continuous line. (a) LIS1 (b) LIS2 (c) LIS3. Here, we assume that, because
of the curvature constraints imposed by this configuration, the staple remains partly
unfolded. (d) A typical situation where two types of LIS (LIS1 at the right side of the
staple, LIS3 at the left side) can be attributed to a given crossover.
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Fig. 5. To evaluate the fraction of the staple S
i

folded at the temperature T + dT , one considers the nearby staples of the staple i at T and calculates the probability
of the di↵erent neighbouring crossovers configurations (cS

m,2, cSp,1,etc) around S
i

. The origami is then subdivided in di↵erent partially folded state(eg N
↵

(S
i

)) with a
given probability (eg p(N

↵

(S
i

))..). For each of these partial states the equilibrium constant for a partial folded configuration (N
↵

(S
i

)S
i

(m,n)) of the staple within this
restricted local state is calculated as explained in the energy model. The law of mass action for each partial configuration folded gives a set of coupled equations. Once solved
they allow to determine the fraction of partial configuration folded in this environment p(N

↵

(S
i

), T + dT ). Then we can calculate the total fraction of each configuration
folded p(S

i

(m,n), (T + dT ), as the sum of the fraction of those configurations in the di↵erent local states, weighted by the probability of each state.

and the probability of only having the scaffold is 1�p(S
i

2). We
show (see SI) that the set of equilibrium reactions determines
p(S

i

(k, l)) provided the equilibrium constants of these reac-
tions are known. This amounts to defining an energy model
which is detailed in the next section.

Folding energy of a given configuration.The gain in Gibbs
free energy for hybridizing S

i

(k, l), �G(S
i

(k, l), T ) =
�H(S

i

(k, l), T )�T�S(S
i

(k, l), T ) contains two contributions:
�G = �G

NN

+ �G
top

. The local contribution �G
NN

only
depends on the sequence of S

i

(k, l). It quantifies the gain in
free energy associated with the local formation of double he-
lices. We use the parameters of the nearest-neighbour model
[17] with a temperature correction given in [19] (see SI Text
and [19] for a detailed description).

�G
top

gathers several contributions that depend on the
connectivity of the origami (�G

NN

depends mostly on the
sequence of the scaffold and, to a less extent, on the density of
crossovers, but not on the connectivity). With any crossover,
we associate an entropic penalty. This penalty reflects the
difficulty for a staple to hybridize non-contiguous parts of the
scaffold. In a first approximation, the longer the region of
the scaffold that connects the two parts to be hybridized, the
larger the penalty. Our previous results obtained with the
small origami show that this needs to be refined. Based on
these data, we consider three situations characterized by tran-
sient arrangements of staples that we call local intermediate
states (LIS). In the first one (LIS1), the staple hybridizes to
the scaffold, forming an internal asymmetric loop [17], Fig. 3a.
The length of this loop corresponds to the number of unpaired
bases of the scaffold linked by the crossover. This is a gen-
eralization of the ’outer’ position found for the three strands
origami. Before the crossover formation, when only part of
the staple is folded, the scaffold and the non hybridized part
of the staple are on the same side of the hybridized part of
the staple (Fig. b). In this case, the staple is not involved in
the path that connects the two extremities of the crossover.
A particular case of LIS1, which we call LIS2, is the situa-
tion where the length of the loop is zero: the crossover forms
locally a Holliday junction, the staple hybridizes in the close
vicinity of an already hybridized staple (Fig. 3b).

The third LIS, LIS3, corresponds to the inner position in
the small origami: the shortest path that connects the two
ends of the crossover involves the staple itself (Fig. 3c). Be-

cause of this, before the crossover forms, the non hybridized
parts of the strand and the scaffold are located on opposite
sides of the hybridized parts (Fig. c). Therefore, LIS3 implies
a larger penalty than LIS1 or LIS2. In the small origami, the
shift in T

m

was less than 10 �C for LIS1, between 5 �C and 7
�C for LIS2 and up to 15 �C for LIS3.

To each of these LIS is associated a different �G
top

:

• �G
top

(LIS1)= �T�S
bulge

(n
T

�0.8 < nb
folded

>) (Fig. 3).
The function �S

bulge

(n
T

) is that of ref. [17]. n
T

cor-
responds to the number of bases along the scaffold and
< nb

folded

> is the average value of bases folded along the
scaffold (this average takes into account the probabilities
of all the possible neighbouring configurations). The com-
parison between this model and the experimental results
from the small origami structure is illustrated in Fig. S3.

• �G
top

(LIS2) = �H
loop0 � T�S

loop0 with �H
loop0 =

25.3kcal/mol and �S
loop0 = 65.0cal/mol/K. This con-

stant contribution has been derived so as to fit as well as
possible the B1-B2 experimental data (left of Fig S4) and
then applied to the B1m-B2m data (right part of Fig. S4).
At the crossover, two bases that belong to S

i

face the bases
constituting the crossover made by the other strand. The
initial enthalpic and entropic contribution of this pair of
bases is subtracted from �G

NN

as they are not nearest-
neighbours anymore. One half of the contribution (nearest-
neighbour model) of the two new pair of bases is added.

• �G
top

(LIS3) = �H
unbind

� T�S
unbind

� T�S
bulge

(n
t

�
0.8 < nb

folded

>) (Fig. 3c): an additional penalty is added
to the entropic penalty of the loop. This intends to reflect
the stronger instability characteristic of this LIS. �H

unbind

(resp �S
unbind

) quantifies the loss of enthalpy (resp en-
tropy) associated with the partial unfolding of the ends
of an staple involved in this type of LIS. The number of
bases that unfold is a parameter of the model. The data
in Fig. S5 correspond to the unfolding of a total of 8 bases
(two bases for each of the four extremities of the staple,
see Fig. 3c).

Under some circumstances (Fig. 3d), two types of LIS can
be attributed to a given crossover. In such cases, the LIS with
the smaller �G

top

is taken into account.
The modelling obtained with the contributions �G

NN

and
�G

top

is quite satisfactory except for a constant negative shift
(⇠ �4K) of the melting temperatures. This shift indicates
that another stabilizing mechanism that is not present in small
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Fig. 6. Derivative of the pairing degree versus temperature. The data corresponding to annealing are in red, melting in green, the model is in blue for both processes.

constructions such as the small origamis has to be invoked.
Indeed, in the folded structure of origamis, double-helix sec-
tions are separated by distances of the order of 1nm. It is then
reasonable to think that mechanisms such as correlations be-
tween counter-ions and hydration forces come also into play,
as is the case when DNA condensates [20]. This electrostatic
stabilizing term is proportional to the number of neighbour-
ing bases n

n

that are close to the staple S
i

, and to the length
|S

i

(k, l)| of the partial configuration S
i

(k, l) considered.

�H
n

(S
i

(k, l)) = �0.132n
n

|S
i

(k, l)|/|S
i

|(kcal/mol) [1]

The energy per base �0.132kcal/mol/base is similar to
the one needed for DNA condensation 10�1k

B

T/base to
10�2k

B

T/base [21].
The salinity of the buffer is taken into account via the cor-

recting terms in [22] in the case where Mg is dominant (see
SI text). Finally the number of bases folded is converted to a
theoretical absorbance [23].

Comparison with the annealing-melting data of four

origamis
We considered four different DNA origamis (Fig. 6) with the
same scaffold (M13mp18 virus) and about 200 staples. O1 is
the rectangle in the original Rothemund work [1], the staples
are mostly 32b long, with folding part sequences divided in
8-16-8 patterns. O2 is another rectangular origami that in-
cludes a hole [24] and presents the same 8-16-8 pattern. O3
has the same connectivity pattern as O1, but some staples
have been merged two by two in four areas (coloured in black
in 6c), so that the typical staple pattern is 8-16-16-16-8. Fi-
nally, O4 is another rectangular origami where a 100b long
subset of the scaffold goes from one side to the other of the
rectangle, forming a ssDNA ’bridge’.

For each origami, a series of annealing-melting cycles was
performed coupled to UV-absorption measurements. With
the protocol detailed in SI Text, the degree of pairing ✓(T )
was extracted as a function of temperature. The temperature
ramp (0.4 �C min�1) is typical for this one-layer origamis.
The annealing-melting process is not symmetrical, the hys-
teresis between the two phases of a cycle is such that the
melting takes place at temperatures higher than the anneal-
ing.

The overall agreement (Fig. 6) between the melting-
annealing curves observed experimentally and computed with
the model is satisfactory. The model captures the hysteresis
between the annealing and melting processes, as well as the

relative strength of this hysteresis between different origamis
(O2 has only 4K shift between annealing-melting, whereas O4
has 10K shift). The maximum value of the derivative, which
can be linked to the overall enthalpy of the transition in a
two-state model, is also reproduced. This feature is robust
against small variations of the parameters of the model.

Understanding DNA Origami design. In this section, we will
rely on the model developed in the previous section to explore
how the melting temperature of the rectangular origamis de-
pends on the specific connectivity. In many instances, this
type of considerations are relevant to improve the stability of
the template against temperature when origamis are sought as
platforms controlling chemical reactions or other applications
including grafting inorganic species.

Circular permutation of the scaffold.

The scaffold used for the design of rectangular origamis is a
circular phage. Thus, it is possible to choose the beginning of
the scaffold sequence anywhere so that 7248 different sets of
staples (with same length and position, but with a different
composition) are possible. We compared the melting curves
given by those permutations on the O4 origami, permuting
the sequence in steps of 16 bases as this shifts the middle
of one staple to the middle of the nearby staple. The dis-

Fig. 7. (a) Distribution of melting temperatures (annealing and melting) as a
function of the order of the circular permutation of the sca↵old strand. (b) two dif-
ferent melting curves corresponding to two permutations with the lowest and highest
annealing temperatures.
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tribution of temperatures corresponding to the maximum of
the derivative for the annealing and melting curves (Fig. 6a)
shows an amplitude of variation of about 4 �C . Also, cor-
relations exist between consecutive permutations. Depending
on the permutation, the melting curves can be very different
in shape (Fig. 6b).

Decreasing the number of crossovers.

In our model, a penalty is associated to each crossover. Re-
ducing the number of crossovers should in principle increase
the stability in the annealing process. We started from the
O1 shape to reduce the number of crossovers, as its design
is more regular. In the initial origami there is a length of
32 bases between two crossovers, which corresponds to three
periods in the double helix. Increasing the distance between
crossovers leads to consider 54 bases (5 double-helix periods).
We considered two possibilities, illustrated in Fig. 6: staples
27b long, split in 13-14, and staples 54b long, split in 13-27-
14 (O5 origami). Indeed, there is a trade-off between the gain
in enthalpy when increasing the length of the staple, and the
additional penalty of having two crossovers/ staple instead
of only one. Our model shows that the net gain in stability,
compared to the initial 8-16-8 staple strategy, is almost 20
�C (Fig. 6 O5). Again, the comparison with the experiments
is excellent. Notice that decreasing the number of crossovers
could have an impact on the flexibility of the origami.

Conclusion
DNA origamis appear as a versatile tool to design various
types of DNA based nanostructures. We have introduced
a simple algorithm based on known thermodynamic prop-

erties of dsDNA and their parameterization with the NN-
model. This algorithm provides a reasonable account of the
observed melting and annealing behaviour of DNA origamis.
The model reproduces hysteresis and melting temperatures, as
well as the width of the melting curve. It emphasizes the role
of cooperativity in the folding process by introducing correla-
tions between the probability of presence of neighbour staples.
Finally, it allows to improve the thermal stability by quanti-
fying the effect of different construction factors such as staple
length and density of crossovers. Extensions to 3D [25] [26]
and structures other than origami [27] are envisioned, as well
as tests at the single molecule level (FRET). AFM measure-
ment of Origami as function of the temperature [28] could be
envisaged to compare the observed structure with the model.
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Fig. 8. Annealing curves of the O1 and O5 origamis. The two origamis correspond
to the same sca↵old pattern, but di↵erent staple pattern (solid line = experimental
data, dashed line = theoretical curves)
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