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(persist. length ~50nm)
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backbone
DNA code is written in atoms

Highly charged: 2 electron charges per 0.32nm

The sequence has direction:	


5’-AAGCTGGTTCAG-3’



Double stranded DNA	


(persist. length ~50nm)

Single stranded DNA	


(persist. length ~1.5nm)

Highly charged: 2 electron charges per 0.32nm

The sequence has direction:	


5’-AAGCTGGTTCAG-3’

DNA code is written in atoms
backbone



The Human Genome Project

Duration:  
    October 1990 - 2003

Discovered ALL  
       20,000-25,000  
             human genes

Determined complete sequence of the 3 billion DNA bases
5’-ACCGGTGGGTGCATAGCTGTGCTGTAAGTGAAGTG 
    AGGCGGCAGGTGTTGAAAGTCGATGTAGTTCGTAG 
    GTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTG 
    GACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTA 
    GTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT



GTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGGCAGGTGTTGAAAG 
TCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGT 
GGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTA 
GCTACGATCGATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAA 
GTGAGGCGGCAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTC 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
CATAGCTGTGCTGTAAGTGAAGTGAGGCGGCAGGTGTTGAAAGTCGATGTA 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG 
CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAAT 
GCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG 
CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGA TC 
GATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGA 
CAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTATTGT 
GCTACGATCGATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAA 
GTGAGGCGGCAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTC 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG



GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
CATAGCTGTGCTGTAAGTGAAGTGAGGCGGCAGGTGTTGAAAGTCGATGTA 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG 
CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAAT 
GCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG 
CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGA TC 
GATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGA 
CAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTATTGT 
GCTACGATCGATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAA 
GTGAGGCGGCAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTC 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
AAACGATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATG 
CTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTG 
GGTG 
GCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT



CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGATC 
GATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGA 
CAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTATTGT 
GCTACGATCGATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAA 
GTGAGGCGGCAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTC 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
AAACGATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATG 
CTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTG 
GGTG 
GCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
CATAGCTGTGCTGTAAGTGAAGTGAGGCGGCAGGTGTTGAAAGTCGATGTA 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG 
CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAAT 
GCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG



… and ~ 3,000,000 more pages!
(one month to show 24/7)

Just four letter:
A 
C 
G 
T

~715 Mb

0 0 
1 1

2 bits

8 bits = 1b

4/8*3*10^9
DNA code is  
billion times more 
efficient 



Differences in the code are 
important
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 Among unrelated individuals, 99.4% of the sequence is similar	


 That is still over 1,000,000 differences.

(... and you and chimpanzee: 99%) 



CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGATC 
GATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGA 
CAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTATTGT 
GCTACGATCGATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAA 
GTGAGGCGGCAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTC 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
AAACGATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATG 
CTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTG 
GGTGGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
CATAGCTGTGCTGTAAGTGAAGTGAGGCGGCAGGTGTTGAAAGTCGATGTA 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG 
CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAAT 
GCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG



CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGATC 
GATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGA 
CAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTATTGT 
GCTACGATCGATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAA 
GTGAGGCGGCAGCTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTC 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
AAACGATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATG 
CTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTG 
GGTGGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GATGTGAAATGCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAG 
CCTAGCTAGTCAGTGGTGCTAGCTACGATCGATTTCAGGCTGCTGTGGGTG 
CATAGCTGTGCTGTAAGTGAAGTGAGGCGGCAGGTGTTGAAAGTCGATGTA 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG 
CAGGTGTTGAAAGTCGATGTAGTTCGTAGGTCAGTTGATGTCGATGTGAAAT 
GCTGATGCTAGTGGACAGGGTGACTAGTGAATCGATGCTAGCCTAGCTAGT 
CAGTGGTGCTAGCTACGATCGATTTCAGGCTGCT CCTAGCTAGTCAGTGGT 
GTTCGTAGGTCAGTTGATGTCGATGTGAAATGCTGATGCTAGTGGACAGGG 
TGACTAGTGAATCGATGCTAGCCTAGCTAGTCAGTGGTGCTAGCTACGATC 
GATTTCAGGCTGCTGTGGGTGCATAGCTGTGCTGTAAGTGAAGTGAGGCGG



Differences in the code are 
important

12

 Among unrelated individuals, 99.4% of the sequence is similar	


 That is still over 1,000,000 differences.

Advanced diagnostics 
(early detection and, 

possibly,prevention of 4,000 
genetic disorders)

Personal pharmaceutics 
(tailor drugs to an individual’s 

genetic make-up)

Research instrumentation 
  

(reconstruction of the tree of life,  
human history, psychology)

Cancer: disease  of DNA

Single cell sequencingPrenatal diagnostics

You and chimpanzee: 99% 



$1,000 genome was claimed to be achieved (Jan 2014) 

Cost of sequencing a human genome 
(logarithmic scale) 

$1000 genome project begins

Phase 1: $100K  
genome 

Phase 2: $1000  
genome 



Conventional DNA sequencing
Nobel Prize in Chemistry 1980

As the DNA is synthesized, nucleotides  
are added on to the growing chain by  
the DNA polymerase.

The reactions start from the same  
nucleotide and end with a specific base

Fluorescence-based sequence gel
http://bbrp.llnl.gov



Next generation sequencing 
methods

15

Extremely small pH meeter Multiplex optical readout 

Single molecule optical  readout 
Problems: costs, accuracy, scalability

Problem: short reads, amplification, reagent and genome assembly costs



The ionic current blockade reveals the sequence of the confined 
nucleotides

Nanopore sequencing of DNA

Nature	
  Reviews	
  Drug	
  Discovery	
  1,	
  77-­‐84	
  (January	
  2002)



MD	
  simulaAon	
  	
  ssDNA-­‐	
  DNA	
  polymeraze	
  complex	
  

Experimentally	
  measured	
  ionic	
  	
  
current	
  blockades

        Nature Biotech. 30: 349 - 353 (2012)

Electric	
  	
  
	
  	
  	
  field

DNA	
  synthesis

dNTP

Sequencing DNA using MspA



Oxford	
  Nanopore	
  Technologies
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MiniION:	
  ~800	
  parallel	
  detecAon	
  wells	
  
!
Read	
  length:	
  up	
  to	
  100,000	
  
nucleoAdes	
  (2	
  strands	
  of	
  lambda	
  
phage	
  genome)	
  
!
Unknown	
  pore	
  (hemolysin,	
  MspA,	
  
other?)	
  
!
Unknown	
  enzyme	
  (beUer	
  
polymerase?	
  Helicase?)	
  
!
Accuracy:	
  96%



Nanopore	
  sequencing:	
  state	
  of	
  the	
  art

19

Quantum	
  biosystems
...	
  Genia,	
  Nabsys	
  ...	
  	
  
...	
  Illumina,	
  Roche	
  ...

...	
  also	
  INTEL,	
  IBM,	
  HITACHI,	
  TOSHIBA,	
  SONY,	
  SIEMENS	
  ...



Homopolymer	
  blockades	
  in	
  MspA

MD	
  simulaAons	
  

Liz	
  Manrao	
  …	
  J	
  Gundlach,	
  U	
  Washington	
  
                       Plos One 2011, 6MD	
  simulaAon	
  	
  neutravidin-­‐anchored	
  ssDNA	
  

in	
  MspA



Setting up a simulation is like cooking	
  



-­‐	
  protein

	
  -­‐	
  DNA

	
  -­‐	
  lipid

	
  -­‐	
  ions

	
  -­‐	
  water

Components

F	
  =	
  ma	
  @	
  300	
  K

Time	
  step	
  =	
  1	
  fs

Setting up a simulation is like cooking	
  



CompuAng	
  conductance	
  of	
  α-­‐hemolysin	
  with	
  
molecular	
  dynamics

Protein + lipid bilayer membrane + 1M water 
solution of KCl = ~300,000 atoms

El
ec

tri
c 

fie
ld

Average electrostatic 	
  
       potential map



Instantaneous current

Current-voltage curve of α-hemolysin

Scope is the current

Biophys.	
  J.	
  88:3745	
  (2005)



Instantaneous current

Ionic current at 120mV:	
  
    Experiment: 120 pA	
  
    Simulations: 130 pA

Current-voltage curve of α-hemolysin
Biophys.	
  J.	
  88:3745	
  (2005)



MD	
  simulaAon	
  	
  ssDNA-­‐	
  DNA	
  polymerase	
  complex	
  
(350,000	
  atoms,	
  150	
  ns)	
  

Electric	
  	
  
	
  	
  	
  field

DNA	
  synthesis

dNTP

MD simulations of current blockades in MspA

The	
  system	
  faithfully	
  mimics	
  
the	
  experimental	
  setup

Reduced	
  system	
  (28,000	
  atoms)

SwaA	
  BhaUacharya

DE	
  Shaw’s	
  Anton
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poly(dA) I/I0 : 30.7±6%
I: 281 ±48 pA

Simulated on D. E. Shaw Research computer system Anton

BhaUacharya,	
  AksimenAev	
  (to	
  be	
  published)

Manrao	
  et.	
  al,	
  
Plos	
  One	
  2011,	
  6



Molecular	
  origin	
  of	
  the	
  current	
  blockade

Unstructured	
  (bulk-­‐like)	
  water:	
  more	
  than	
  2.5A	
  
away	
  from	
  protein	
  or	
  DNA	
  

	
  CorrelaAon	
  between	
  Current	
  and	
  Water:	
  
Pearson	
  Coefficient	
  
Poly(dT):	
  0.86	
  
Poly(dC):	
  0.90	
  
Poly(dA):	
  0.85

0.8nm



Nanopore efforts around the world  

NIST, UCSC, Harvard, UBC, 
Oxford, Evry, BU, U Wash., 
Syracuse, …

Darmstadt,UND, 
UC Irvine, UF, 
… 

Harvard, UBC, BU, 
UIUC, Delft, Arkansas, 
Brown, UNC, NE(!), 
 ... 

IBM, UIUC,  
Lausanne,...

Polymer Proteins Nitride/oxide Active hetero 
structures

Ion track echted 
Thick layers (~µm)  
Robust 
Fixed charge 
Unknown dimensions 
Surface modifications 
High speed, low field 
Indi address difficult 

Self-assembled 
Lipid membranes (~4nm)   
Fragile 
Fixed charge 
Atomically precise 
Can be engineered 
Low speed, high field 
Indi address difficult

Fabricated 
>5nm   
Robust 
Fixed charge 
Sub-nm, but not atomic 
Surface modifications 
High speed, high field 
Indi addressed

Fabricated 
<1 nm   
Robust 
Field-effect adjustment  
Sub-nm 
Surface modifications 
High speed, high field 
Indi addressed



Ionic current through 
pore measured

current transients 
associated with 

passage of dsDNA

- Isolates 1nm3 of volume 
- Automatic loading and reloading 
- Highly processive, single-file transport 
- Compatible with several detection schemes 
- No limit on the read length

DNA transport through solid-state nanopore



+ +

=

The thinner, the better!

Andre Geim       Konstantin Novoselov



Graphene	
  Nanopores

32
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InteracAon	
  of	
  ssDNA	
  with	
  a	
  graphene	
  membrane	
  

Top	
  view

Side	
  view

Nano	
  LeUers	
  12:4117	
  (2012)

14-­‐A	
  diameter	
  pore	
  (surface-­‐to	
  surface);	
  	
  
3-­‐layer	
  graphite;	
  	
  
poly(dT)20	
  ;	
  500	
  mV	
  bias



The	
  thinner	
  the	
  beUer?

34

Nano	
  LeUers	
  12:4117	
  (2012)



Stepwise	
  transport	
  of	
  ssDNA 
through	
  graphene	
  nanopore

14-­‐A	
  diameter	
  pore	
  (surface-­‐to	
  surface);	
  	
  
3-­‐layer	
  graphite;	
  	
  
poly(dT)20	
  ;	
  500	
  mV	
  bias

Nano	
  LeUers	
  12:4117	
  (2012)

Acts	
  like	
  a	
  polymerase!



Ionic	
  current	
  blockades	
  can	
  reveal	
  the	
  DNA	
  sequence

Atomic-­‐ResoluAon	
  Brownian	
  Dynamics	
  
simulaAons	
  of	
  ionic	
  current	
  blockades	
  in	
  graphene	
  

nanopores

Wells,	
  Belkin,	
  Comer,	
  AksimenAev,	
  Nano	
  LeUers	
  
12:4117	
  (2012)



Just	
  like	
  polymerase:	
  transport	
  is	
  stochasAc
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Charge	
  modulates	
  velocity	
  of	
  ssDNA	
  translocaAon

-2 -1 0 1 2
m [e nm-2]

0

0.1

0.2

0.3

0.4

0.5

0.6

v 
[n

t n
s-1  ]

poly(dT)



39

Charge	
  modulates	
  velocity	
  of	
  ssDNA	
  translocaAon

Manish	
  Shankla	
  et	
  al.	
  (to	
  be	
  published)
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Stuart	
  Lindsay	
  (ASU)

Sequencing	
  by	
  transverse	
  current	
  

Max	
  Diventra	
  (UCSD)	
  
Harvard	
  nanopore	
  group	
  
Kawai	
  group	
  (Osaka	
  U)

Scientific Reports 1:46



Temperature effects in nanopores

JACS	
  135:	
  3087	
  (2013)

Nano	
  LeUers	
  13:	
  1029	
  (2013)

Slowing  DNA transport: 	


   Meller et al. Phys. Rev. Lett. 2001!
   Wanunu et al. Nat. Nanotech (2010)

aHL: Movileanu at al. J. Am. Chem. Soc. 2006	


!
    solid-state pores: !

  ChemPhysChem 639 2010, 11, 859!
  Nanotechnology 2012, 23, 225502!

Regulating transport in :

Finding the pore:

Keyser et al. Nano Lett. 2005, 5, 2253

Plasmonic heating:



Local  plasmonic  heating  stretches  ssDNA

42

membrane

Temperature map

Si3N4

10 nm
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element

DNA
Temperature map
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M Belkin et al.  ACS Nano 7:6816 (2013)



Local  heating  in  nanopore  systems  

43

membrane

Temperature map

Si3N4

10 nm

heating
element

DNA
Temperature map

z
y

x
y 10 nm 300 K

320 K

340 K

360 K

380 K

400 K

heating
element

M Belkin et al.  ACS Nano 7:6816 (2013)



Charles SoretCarl Ludwig

44

Non-­‐‑convective  mass  transport  along  temperature  gradients

First  reported  in  electrolyte  solutions

Hot Cold

positive  thermophoresis

negative  thermophoresis

1856  -­‐‑  Carl  Ludwig  

1879  -­‐‑  Charles  Soret

Magnitude  and  direction  depend  on:  
  Temperature  
  Temperature  gradient  
  Concentration  
  Charge  
  Size  of  species  ...  

Found  in:  electrolyte  solutions,  gas  mixtures,  
polymer  solutions,  plasma,...

Thermophoresis



Local  heating  promotes  single-­‐‑file  translocation

45

Local  heating:  
  increase    DNA  mobility  20  fold    
  enables  controlled  displacement  at  10mV  biases  

1
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M Belkin et al.  ACS Nano 7:6816 (2013)
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Plasmonic nanopore tweezers
Cees Dekker and  
Magnus Jonsson  

TU Delft

50nm

Plasmonic nanopore (TEM)

Main idea: use nanometer-focused light 
     to directly trap biomolecules



MD simulations plasmonic trapping

47

Optical field is found by solving Maxwell’s equations (FDTD) 

FDTD is couples to MD simulations through grid forces as F~grad(E^2) 
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Proof of principle simulations: 
trapping

Focused optical field arrests DNA 
motion

Red arrows represent plasmonic forces on 
individual nucleotides

Optical field is found by solving  
Maxwell’s equations 
 (FDTD, Lumerical) 

FDTD is couples to MD 
simulations through grid 
forces as F~grad(E^2) 

Maxim	
  Belkin	
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Stepping dsDNA by modulation of 
optical field

Stepwise motion is achieved by switching on and off the laser beam 
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Surface-Enhanced Raman Scattering

Kneipp K & Kneipp H, Applied Spectroscopy 60:322A

Guanine660

Adenine

735

Thymine780

Cytosine

800

Raman Shift [cm-1]

Raman specta of DNA bases

Probability ~ (Field intensity)
4

DNA sequence is read by measuring Raman spectra from nucleotides 
passing through the plasmonic hotspot



Molecular	
  sensing	
  with	
  origami	
  
nanopores
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5 nm

~15 nm

K+ Cl-K+
K+

K+ K+

K+

K+K+

K+ Cl-

Cl-
Cl-Cl-

Cl-

Cl-

Ea
→~20 nm

b

10 nm
5 nm

~20 nm

1 M KCl

~5 nm



Folding of viral genome into 3D objects

• Short synthetic 
oligonucleotides (staples) 
apply spatial constraints to a 
long viral genome.


• Based on the design of 
staples, same viral genome 
can be folded to numerous 
different shapes.

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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✴ CHARMM36 force field 
✴ Explicit water 
✴ [MgCl2] ~ 10 mM 
✴ NAMD 
✴ 1 to 3M atoms 
✴ 500 to 1,000 CPUs
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• caDNAno returns topology (json) and 
sequence (csv) information.


• cadnano2pdb.pl combines json and 
csv files into a PDB file.
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All-atom simulations of DNA origami



Structural fluctuations reveal local mechanical 
properties
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