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Double stranded DNA
(persist. length ~50nm)

Single stranded DNA
(persist. length ~1.5nm)

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)
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Highly charged: 2 electron charges per 0.32nm

The sequence has direction:
5’-AAGCTGGTTCAG-3’

DNA code is written in atoms
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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
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Sequencing DNA using MspA
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Setting up a simulation is like cooking



-­‐	
  protein

	
  -­‐	
  DNA

	
  -­‐	
  lipid

	
  -­‐	
  ions

	
  -­‐	
  water

Components
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  ma	
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  300	
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Time	
  step	
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  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 !-hemolysin

Scope is the current

!"#$%&'()*('66Qh47j'8;<<j=



Instantaneous current

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

Current-voltage curve of !-hemolysin
!"#$%&'()*('66Qh47j'8;<<j=
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MD simulations of current blockades in MspA
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MD simulations of current blockades in MspA
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5’-poly(dA)

5’-poly(dT)

20.1±2.3

31.6±3.0

Bhattacharya, Yoo, Aksimentiev, ACS Nano 10, 4644 (2016)
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Current increase with the number of water 
molecules as N 1.7

Bhattacharya, Yoo, Aksimentiev, ACS Nano 10, 4644 (2016)



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
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The thinner, the better!

Andre Geim       Konstantin Novoselov



Graphene	
  Nanopores

32
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-2.0 e nm-2

500 mV

Graphene charge controls DNA transport 
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Protein sequencing

http://www2.warwick.ac.uk/fac/sci/chemistry/research/dixon/
dixongroup/members/msrhar/research/background/

Membrane proteins

Enzymes

Structural proteins Central Dogma

In theory:
Knowing DNA == Knowing protein

In practice:
Post-translational modifications 
Differences in expression level
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FKFGFKFGFKFG

Wilson et al., Adv. Func. Mat.  10.1002/adfm.201601272 (2016)
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All atom model 
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layer graphene 

membrane

Phenylalanine 
stacks to 
graphene

All peptide 
chains we tried 
adsorb to the 

graphene
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Wilson et al., Adv. Func. Mat.  10.1002/adfm.201601272 (2016)
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Temperature effects in nanopores

9B`a'2hjQ'h<64'8;<2h=

!":0'^&U&%,'2hQ'2<;W'8;<2h=

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:
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Plasmonic nanopores

PLASMONIC HOT SPOT 

High field gradients 
optical forces 

gold

"60nm

Laser



DNA	
  sequencing	
  using	
  a	
  plasmonic	
  nanopore
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Plasmonic hot spot is used to: 
 — controll DNA motion 

           — stimulate Raman emission

Belkin et al, ACS Nano 9: 10598 (2015)



Raman signatures of random-sequence DNA

Single-spot trapping

Belkin et al, ACS Nano 9: 10598 (2015)



Tutorial: Modeling Nanopores for Sequencing DNA
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http://bionano.physics.illinois.edu/tutorials/modeling-
nanopores-sequencing-dna

Jim Wilson

                3.1: DNA

3.2: Biological nanopore      3.3: Silicon Nitride            3.4: Silicon oxide

        3.5,3.6, 3.7,3.8            3.9

              3.10: Analysis
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