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Chiral  DNA  origami  nanotubes  with  well-­defined  and  addressable  
inside  and  outside  surfaces  
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Schreiber,  Jonathan  Bath  and  Andrew  J.  Turberfield*  
Abstract:   We   report   the   design   and   assembly   of   chiral   DNA  
nanotubes   with   well-­defined   and   addressable   inside   and   outside  
surfaces.   We   demonstrate   that   the   outside   surface   can   be  
functionalised   with   a   chiral   arrangement   of   gold   nanoparticles   to  
create   a   plasmonic   device   and   that   the   inside   surface   can   be  
functionalised  with  a  track  for  a  molecular  motor  allowing  transport  of  
a  cargo  within  the  central  cavity.  

An  important  application  for  DNA  nanostructures  is  the  provision  
of  scaffolds   that  precisely  control   the  numbers  and  positions  of  
functional   molecules:   DNA   nanostructures   can   be   used   as  
containers   for   a   payload1,2,3   or   as   test   platforms   for   single-­
molecule   chemistry4   or   enzyme   assays.5   DNA   nanostructures  
have  also  been  used  to  study  enzyme  cascades  by  controlling  the  
relative  positions  of   two  or   three  enzymes.6,7  Encapsulating   the  
enzyme  cascade  within  a  tube  provides  a  way  to  control  the  local  
environment.   Fu   et   al.7   tested   such   a   system   based   on   a  
rectangular   DNA   origami   tile8   rolled   up   to   generate   a   mixed  
population  of  tubes,  of  which  some  contained  the  enzymes  on  the  
inside   and   some   displayed   them   on   the   outside.   It   is   with   this  
application   in   mind   that   we   designed   an   addressable   DNA  
nanotube  with  well-­defined  inside  and  outside  surfaces.  

Systems  designed  to  form  2D  arrays  from  discrete  tiles  often  
produce   tubular  structures.9,10,11,12,13   In  such  cases   there   is   little  
control  over  the  diameter  of  the  tube.  Formation  of  tubes  can  be  
discouraged   by   arranging   the   component   tiles   so   that   their  
intrinsic  curvatures  cancel9,11,12  or  by  reducing  the  flexibility  of  the  
tile.11   Formation   of   tubes   can   be   encouraged   by   deliberately  
introducing  curvature  to  give  tubes  with  a  well-­defined  diameter  
and   specific   inside/outside   surfaces.14,15   Selective  
insertion/deletion   of   base   pairs16   allows   the   assembly   of  
nanotubes  with  a  defined  chirality.15  

Tubes  can  also  be  formed  by  joining  opposite  edges  of  a  DNA  
origami8  rectangle.7,17  This  approach  creates  a  fully  addressable  
surface,   that   allows   control   of   the   identities,   numbers   and  
positions   of   functional   groups   attached   to   the   oligonucleotide  
‘staples’   that   weave   through   the   structure,   but   it   produces   a  
mixture  of  inside-­out  and  right-­side-­out  tubes.  Here  we  introduce  
curvature  into  DNA  origami  to  form  addressable  chiral  tubes  with  
defined   inside/outside   surfaces.   To   demonstrate   that   the   tubes  
assemble  as  designed,  we  decorate  the  outside  of  the  tube  with  

a   chiral   arrangement   of   gold   nanoparticles   and   measure   the  
characteristic  circular  dichroism   (CD)  signal.18  We   then   link   two  
tubes  whose   inside  surfaces  are  decorated  with   the   track   for  a  
molecular  motor  and  demonstrate  that  a  molecular  cargo  can  be  
transported  the  length  of  the  track  inside  the  tubes.  

 
Figure  1.  Design  of  a  chiral  DNA  nanotube.   (a)  The  design   is  based  on  a  
rolled  sheet  of   origami  with  20  helices,  each   linked  to   its  neighbours  by  both  
staple  and  scaffold  crossovers.  There  is  no  central  seam  and  no  edges:  the  first  
and  last  helices  are  linked  directly  by  staples  and  template.  (b)  Pairs  of  helices  
are  translated  by  1  bp  by  systematically  translating  staple  crossover  positions  
as   indicated   in  panel  c.  Staples  with  a  circle  at   the  5´  end  have  an  8-­16-­9  nt  
domain  structure  (5´  to  3´),  staples  with  a  square  at  the  5´  end  have  an  8-­15-­8  
nt  domain  structure;;  3´  ends  of  bold  staples  are   indicated  with  an  arrowhead.  
Grey  staples  have  T10  tails  to  block  interaction  between  tubes  (d)  The  relative  
displacement  of   the   crossovers   to   the   left   and   right   of   each  helix   introduces  
curvature  (the  diagram  shows  the  split  tube  that  would  result  if  all  connections  
between  two  adjacent  helices  were  cut).  (e)  The  seamless  tube  assembles  with  
a  shallow  right-­handed  twist  which  brings   the  edges  of   the  notional  split   tube  
shown  in  panel  d  into  register,  allowing  all  connections  between  helices  to  be  
made.  The  figure  is  drawn  to  illustrate  design,  not  assembly  (a,  b  and  d  do  not  
represent  part-­folded  structures).  

Rather  than  roll  up  a  flat  sheet  of  origami7  or  twist  an  origami  
ribbon16  to  form  a  tube,  we  designed  a  seamless  structure  with  no  
top  or  bottom  edge  (Supplementary  Fig.  S1).  The  design  consists  
of   20   helices   that   run   the   length  of   the   tube   (120   nm)  and   are  
twisted  around   the  axis  of   the   tube  with  a  shallow  right-­handed  
helical  pitch  (Fig.  1).  Each  helix  is  linked  to  its  neighbours  around  
the   circumference   of   the   tube   by   both   scaffold   and   staple  

[*]   Dr  F.  Benn,  Dr  N.E.C  Haley,  Dr  A.  E.  Lucas,  Miss  E.  Silvester,  Dr  S.  
Helmi,  Dr  R.  Schrieber,  Dr.  J.  Bath  and  Prof.  A.  J.  Turberfield.    

   University  of  Oxford  
Department  of  Physics  
Clarendon  Laboratory  
Parks  Road,  Oxford  OX1  3PU,  UK  
E-­mail:  a.turberfield@physics.ox.ac.uk  

   Supporting  information  for  this  article  is  given  via  a  link  at  the  end  of  
the  document.  



COMMUNICATION          

 
 
 
 

crossovers.  The  tube  is  designed  to  fold  in  a  single  step  but  it  is  
convenient   to   describe   the   design   stepwise,   starting  with  a   flat  
sheet  of  origami  with  20  helices  (Fig.  1a).  

The  sheet  is  curved  by  changing  the  spacing  between  staple  
crossovers,  connecting  adjacent  helices  on  either  side,   from  16  
bp  (~11/2  turns)  to  an  alternating  pattern  of  17  bp  /  15  bp  (Fig.  1c).  
This  modification  translates  neighbouring  pairs  of  helices  by  one  
base  pair  (0.34  nm)  along  the  long  axis  of  the  tube  (Fig  1b)  and  
rotates   them   about   the   long   axis   by   ~34°.   After   10   steps   an  
approximate   full   turn   is   made.   Fig.   1d   shows   the   tube-­like  
structure  that  would  result  if  all  connections  (staple  and  scaffold  
crossovers)   between   two   adjacent   helices   were   cut   to   create  
disconnected  edges:  the  top  edge  is  translated  by  3.4  nm  (10  bp)  
relative  to  the  bottom  edge.  The  shallow  right-­handed  helical  pitch  
of   the  tube  is   introduced  when  the  edges  are  brought  back   into  
register   and   joined14   (Fig.   1e)   (in   reality,   they   are   never  
separated).  The   inside  and  outside  surfaces  are  defined  by   the  
systematic  offset  between  staple  crossovers  to  the  left  and  to  the  
right   that  determines   the  direction   in  which   the  sheet  of  helices  
rolls   up   to   form   a   tube.   The   surfaces   of   the   tube   can   be  
functionalized  by  modifying  extended  staples  which  protrude  from  
the  origami  at  nicks  in  the  DNA  backbone  where  adjacent  staples  
meet;;  the  positions  of  the  nicks  can  be  adjusted  such  that  they  lie  
on   the   inside  or  outside  surface.19  Tubes  can  be   joined  end-­to-­
end  by  the  inclusion  of  special  linking  end  staples  or  the  ends  of  
the  tube  can  be  passivated  to  prevent  stacking  between  tubes  by  
adding  T10  tails  to  the  end  staples  (Fig.  1c).  

 
Figure  2.  AFM  of  chiral  DNA  nanotubes.  (a)  The  majority  of  objects  imaged  
by   AFM   are   rectangular   structures   with   dimensions   of   ~120   nm   ×   30   nm  
consistent   with   tubes   that   were   flattened   when   deposited   on  mica.   (b)   Half-­
height  rectangular  structures  with  dimensions  of  ~120  ×  50  nm  are  also  visible,  
particularly  at  higher  magnification.  These  structures  appear   to  be   tubes   that  
have  been  split  open.  c)  High-­resolution  images  reveal  the  DNA  origami  lattice  
structure  (d)  Tubes  can  be  split  open  mechanically  by  increasing  the  tip  force  
(this  tube  is  partially  split  open).    Scale  bars  are  1  µm  (a)  and  100  nm  (b-­d).  

Tubes  were  assembled  in  a  single  step  by  mixing  template,  
staples  and  end  staples   in  a  ratio  of  1:3:5   in  a  buffer  containing  

10  mM  MgCl2,  50  mM  NaCl,  1  mM  EDTA  and  10  mM  Tris-­HCl  
pH8.0  then  cooling  from  96°C  to  20°C  at  a  rate  of  1°C  per  minute  
(Supplementary  Fig.  S3).  Excess  staples  were  removed  by  three  
passes   through   a   spin   column   packed   with   Sephacryl   S-­30019  
(Fig.2  and  Fig.4)  or  by  PEG  precipitation  (Fig.  3).  

Well-­folded   rectangular  structures  were  observed  by  atomic  
force  microscopy  (AFM)  of  samples  deposited  on  mica  (Fig.  2).  
Images   are   dominated   by   two   types   of   rectangular   structure:  
double-­height  rectangles  of  ~120  nm  ×  30  nm  corresponding  to  
flattened  tubes,  and  single-­height  rectangles  of  ~120  nm  ×  50  nm  
that  have  the  appearance  of  tubes  that  have  split  open,  perhaps  
when   deposited   on   the   mica   surface.   Consistent   with   this  
interpretation,   tubes  can  easily  be  split  open  during   imaging  by  
increasing  the  tip   force  (compare  high-­resolution   images   in  Fig.  
1c  and  d).  It   is  difficult   to  estimate  the  yield  of  well-­folded  tubes  
because   it   is   not   clear   to   what   extent   they   are   damaged   by  
deposition  on  mica  and  subsequent  imaging.  However,  66%  (416  
of  628  objects  counted  in  Fig  2a)  are  double-­height  structures  of  
the  correct  size.  The  stability  of  the  tubes  could  be  increased  by  
enzymatic19  or  chemical20  ligation  of  neighbouring  staples.  

 
Figure   3.   Circular   dichroism   of   chiral   DNA   nanotubes.   (a)   The   outside  
surface  of  the  nanotube  was  decorated  with  gold  nanoparticles  in  a  left-­handed  
helical   arrangement   and   imaged   with   negative-­strain   transmission   electron  
microscopy.  (b)  Prior  to  circular  dichroism  (CD)  silver  was  deposited  on  the  gold  
to   enhance   the   signal   (Supplementary   Information).   Helical   structures   after  
enhancement  were  sparse  on  e.m.  grids  when  compared  with  a  sample  before  
enhancement.  Scale  bar  in  a  and  b  is  50  nm.  (c)  The  CD  signal  for  the  silver-­
enhanced  nanotubes  is  characteristic  of  a  left-­handed  helix  of  nanoparticles.  

DNA   nanostructures   can   be   functionalised   with   gold  
nanoparticles  to  create  structures  with  a  distinct  circular  dichroism  
(CD)   signals:   a   left-­handed   helical   array   of   gold   nanoparticles  
gives  a  ‘peak-­dip’  signal  as  wavelength  increases  whereas  a  right-­
handed  helix  gives  a   ‘dip-­peak’  signal.18   In  order  to  confirm  that  
our  tubes  assemble  right-­side  out,  with  the  designed  chirality,  we  
functionalised   the   outside   of   our   structures   with   a   left-­handed  
arrangement  of  nine  gold  nanoparticles  each  with  a  diameter  of  
10   nm   (Fig.   3a,   b),   silver   was   then   deposited   on   the   gold   to  
enhance   the   signal.18   The   CD   signal   that   we   observe   is  
characteristic  of  a  left-­handed  helical  arrangement  (Fig.  3c).  
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A   similar   experiment   was   performed   with   gold   attachment  
sites  on   the   inside  surface  of   the   tube.  We  anticipated   that   the  
relatively   small   internal   diameter   of   the   tube   would   prevent  
assembly   of   DNA   functionalised   gold   nanoparticles   inside   the  
tube.22  We  observe  structures  that  are  decorated  with  gold  on  the  
outside   of   the   tube   consistent   with   threading23   of   the   gold  
attachment   sites   through   the   DNA   origami   and   capture   on   the  
outside   surface   by   the   functionalised   gold   (Supplementary   Fig.  
S5).   These   structures,   as   expected,   also   have   a   CD   signal  
characteristic  of  a  left-­handed  helix  (Supplementary  Fig.  S6).  

 
Figure  4.  Movement  of  a  molecular  motor  along  a  track  inside  the  tube.  (a)  
The   inside   of   the   tube   is   functionalised   with   a   track   of   single-­stranded  
anchorages.  The  track  consists  of  26  anchorages  divided  between  two  tubes  A  
and   B.   The   first   anchorage   in   tube   A   and   the   last   anchorage   in   tube   B   are  
labelled  with   fluorophores  TET  (square)  and  Cy5  (triangle),   respectively.  The  
cargo   caries   the   quencher   Iowa   Black   RQ   (filled   circle).   The   TET   signal   is  
quenched  when  the  motor  is  loaded  onto  the  track  at  the  first  anchorage  in  tube  
A.  Addition  of  a  nicking  enzyme  (Nt.BbvCI,  cut  site  marked  with  an  arrowhead)  
triggers  movement  of  the  motor  along  the  track  resulting  in  an  increase  in  TET  
signal.  When  the  motor  reaches  the  last  anchorage  in  tube  B  the  Cy5  signal  is  
quenched  (mismatch  preventing  nicking  marked  with  an  X).  (b)  When  two  tubes  
A  and  B  are  joined  together  the  motor  travels  the  length  of  the  track.  (c)  When  
tubes  A  and  B  are  not  joined,  arrival  of  the  motor  at  the  end  of  the  track  is  slower  
because  it  requires  the  motor  to  move  between  disconnected  tubes.  

When  the  end  staples  are  modified  with  T10  tails  there  is  very  
little   evidence   of   end-­to-­end   stacking   of   tubes   (Fig.   2).   Some  
applications  require  two  or  more  tubes  to  be  linked  together  in  a  
specific   register   and/or   two   different   tube   types   to   be   linked  
together.  We  have  joined  pairs  of  tubes  to  create  extended  tracks  
for  a  synthetic  molecular  motor.  

Two  separately  prepared  sets  of   tubes  A  and  B  were   joined  
end-­to-­end,   in   register,   by   introducing   linking   staples  
(Supplementary   Fig.   S2)   and   the   inside   surface   was  
functionalised   with   a   track   for   the   ‘burnt   bridges’   molecular  
motor.19,24,25  The  track  (Fig.  4a)  consists  of  21  anchorages  (staple  
extensions)  in  tube  A  and  a  further  5  anchorages  in  tube  B.  The  
start   and   end   anchorages   are   labelled   at   the   distal   end   with  
fluorophores   (TET   and   Cy5   respectively);;   the   cargo   carries   a  
quencher  (Iowa  Black  RQ).  Movement  of  the  cargo  is  initiated  by  
addition  of  a  nicking  enzyme  (Nt.BbvCI).  The  nicking  enzyme  cuts  
the   anchorage   that   is   bound   to   cargo.   Release   of   the   cut  
anchorage   fragment   allows   the   cargo   to   step   to   the   next   intact  
anchorage.  The  position  of  the  cargo  on  the  track  is  reported  by  
fluorescence:   when   the   fluorophore-­labelled   start   anchorage   is  
cut  the  fluorophore  is  released  from  the  track  giving  an  increase  
in  the  fluorescence  signal  as   it  moves  away  from  the  quencher-­
labelled  cargo.  Modification  of  the  enzyme  recognition  site  in  the  
end  anchorage23  prevents  cutting  and  traps  the  cargo,  quenching  
the  corresponding  fluorescence  signal.  The  TET  signal  increases  
and   the  Cy5   signal   is   quenched  when  movement   of   the   cargo  
away  from  the  start  position  is  initiated  (Fig.  4b),  consistent  with  
movement  of  the  motor  from  one  end  of  the  track  to  the  other.  The  
rate  at  which  the  motor  moves   is  similar   to  published  results   for  
movement   along   the   surface   of   a   DNA   origami   tile.19   Control  
experiments  where  the  A  and  B  tubes  are  not  linked  show  that  the  
cargo  is  significantly  slower  to  arrive  at  the  end  of  the  B  tube  (Fig.  
4c),  consistent  with  the  measured  rate  for  stepping  between  two  
unconnected  DNA  origami  tiles  in  solution.18  

We   have   demonstrated   one-­step   assembly   of   chiral   DNA  
origami  nanotubes.  The  tubes  form  right-­side-­out,  the  inside  and  
outside  surfaces  can  be  functionalised,  and  tubes  can  be  joined  
together   in  register.  Our  chiral  nanotubes  provide  the  controlled  
geometry  required,  for  example,  to  allow  the  study  of  reactions  in  
confined  volumes.  

Experimental  Section  

DNA   design   (using   NUPACK26   and   caDNAno27),   sequences   and  
experimental   detail   including   PEG   purification28   are   provided   in   the    
Supporting  Information.  
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