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t generation or DNA sequencing technology:

llective approaches integrate biochemistry, chemistry,  physics
ering

Number of bases in human genome: 3 billion (3x10 )
Time per base (in an hour): 3600/3x109 ~ 1x10 sec

$1000 genome sequence means a fast sequence!

Physics-based methods are intrinsically fast!
Can operate on a single DNA molecule!
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The Race for a $1,000 Genome

active field: Faster developing than computat  1on power

) of this decade : The initial draft of the first human genome sequet
$300 million .
(The final draft and all the technology came in near

$22 milions (15 fold)

< $1 milion (300 fold)

~ $100,000 (3000 fold)
~ $1,000 (NHGRI) ?



Strategic investment from public and private sector S
to invent technology toward $1000 genome:

Rl has invested more than $400 million to develop and improve DN/
ncing technologies.

00,000 and ultimately $1000 genome research :

il 2004

i 2005

il 2006

il 2007

il 2009

Interest from venture capital community

e for <$1,000 genome sequencing (5-20 mil for the first achievemer



Where are the challenges?

n we translocate DNA through a Nan
ctrode Gap?

\n we distinguish between the DNA
es the translocating DNA?



Pulling force of 0.3 nN Is er
to pull a polyC10 ssDNA th

al.5nmgap
ing o ‘_ ¢ ssDNA experiences signific
e o deformation/stretching whe
¥ % pulled through the gap

Simulation approach:
Classical amber field, 14,000 atoms interacting

ail length of ssDNA during the
ocess 2



R Jguanine

Molecular weight: G>A>T

er influence of same driving force, translocation speeds of differ
s of sSDNA vary slightly, with polyC>polyT>polyA>polyG, in con
the molecular weight of these four types of nucleotides



Transverse electric field direction

l Translocation direction l
Driving electric field
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\ segments respond to reverse of E-field almost instantaneously

jer DNA s easier to control than shorter one d



r dynamics simulations indicate that 1.5 nm gap Is approaching the
t a SSDNA can pass.

field ~100 mV/nm can drive DNA through a 2 nm gap.
A IS In the gap, the translocation process is very fast, less than ns p

moving speeds of SSDNA In 2 nm gap: polyC>polyT>polyA>polyG.
n gap when oscillating electrophoresis filed is applied.

S-the-gap E-field of 200mV/nm Is enough to attract and “glue” DNA
nay experience significant deformation when it is pulled through the |

_M Payne, PT Cummings, and JW Lee, Nanotechnology 18, 424018 (2007);
_M Payne, PT Cummings, J. Phys. Chem. C. (Letter) volume 112, 8 (2008);
1e, X Zhao, PT Cummings, Molecular Simulation 33, 399 (2007).



oproach to DNA base distinguishat

ciples calculations revealed that the geometri
s transverse low bias DC conductance of a m
ting through a nanogap between gold electrode
uencing using transverse nonresonant tunneling
mechanism Is hard to achieve, due to varl ous
[ainty.  Electronic structure effects weakly disting
different nucleotides.

G et al, BIOPHYSICAL JOURNAL 91 (1): L4-L6 JUL (2006)
t al, PHYSICAL REVIEW E 74, 011919, (2006)

2 controversy on the importance of statistics:
V. at aI I\/I NANO LETTERS 5, 421-424 (2005).
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oA Left Lead| Molecule| Right

2Extended molecule
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h . =chann
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Conductance Transmission

(Landauer)

We use nonequilibrium appro
(no response of molecule to e

—_— r
nd T bases with su-phosphate groups T = Tr(qeft Gmol GFightG?nol)

two golnanonelectrodes; the sugar-base  caroli formula (only low el bias-up tc
tation Is indicated in each cg

ngle is°(left) and 90(right) degrees . G Is Green function for extended mol
G ~self-energies of the semi-infinite |

1 self-energies are “fed” by the overlap matrices S, and Hamiltonian (Fock) H m
| and S are obtained from the fully QM, self-consistent Gaussian DFT calculatio



Opy,s Ns 1
P opscs 0,Cp. O,P,Cs 1 06
Cs LL ! H A
—Cs_
— ——— Cs — -2k A C
C E
s NpLS .5 10 : AT
— I — —— 8 i — exp(-2.5*d)
— 5 10°F
c L
F o g i
R ——— e I
S S — O -4 =
— - = < 10 "¢
— O
U) -
-5 s | s | s | s | s | s | s
o N 1090 15 20 25 30 35 40 45
d - basis-electrode gap (Angstroms)
ONp,
— ] —
Np, — _
Np.,p OP, P, Ns Op, Ns O, T_ FA, C y G y -I-(q) Q
— 0,Cp kd .
A C G . T Va Tunneling
through vac

Tunneling at
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ontrast to the conventional belief that the HOMO and the LUMC
fial,
lecular orbitals are at best minor and insignificant factor S



RENT DFT FUNCTIONALS SIMILAR QUALITATIVE CONCL USIO

2 Er+eV/2
J=—  T(E,V)dE,

—
P -
- -
- -
-
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= PBO DFT functional
L ! ! ! ! 1 ! ! ] 1 1

10
Voltage bias (V)

Currentvoltage characteristics
various nucleotides and two diffi
DFT functional, averag
(nonweighte)l over the rotal
angle.

Very different DFT function:
gualitatively similar conclusion
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DIFFERENT CONCLUSIONS

MD simulation yields probability
distribution of the geometrical factor (an

P DFT functional

Current-voltage characteristics for vari
nucleotides:

Uniform (nonweighted) average, and a
weighted by the MD distributions (torsi
average)

U (V)

it higher current:?
'IVELY CHARGED DNA TENDS TO “GLUE” TO THE ANODE IF ACROSS-

GE GOES ABOVE ~ 0.1V
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ALO-GAP:

)ssible to translocate DNA through a nanogap by
phoretic filed

) Influence of the geometrical factors, rather than the base
nic structure

ging over geometric parameter suppresses certainty of
ition below tolerable level.

guencing using transverse  dc nonresonant tunneling
tance measurement in a gap hard to achieve.
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lem: Uncertainties of the  nonresonant tunneling _ current
ignal -to-noise ratio; poor selectivity.

).
e -wall carbon nanotubes terminated with nitrogen atoms (
rodes, the conduction response increases b y order of
de

apacitance calculations of DNA nucleotides: A possibility fo
Ing by the capacitance measurement, strength ened by
lon spectroscopy

ith synthetic DNA

lem: Lack of control of localization and tra nslocation of
ough the nanopore/nanogap

Confinement of DNA molecule to the axis in a Paul typ
guadrupole-field nanoscale trap ___ In aqueous environment.




Al)
ment of the Transverse Conductance in DNAnu ¢
rom nonresonant enter the quasiresonant regime
Signal up many orders of magnitude

-mechanical study of the electron transport properti es
s placed In the gap between two single  -wall carbon nanotubes
ted with H or N. In nitrogen terminated nanotube electrodes, |
of H - and C- terminations and gold electrodes, the nature of cur
guasi -resonant tunneling and Is increased by several orde
 [1,2].

ler et al, J. Chem. Phys. 128, 041103 (2008)
stic et al, “ Sensing Single Molecules between Doped Carbon Nanot  ubes”,



How believable are these theoretical predi

TRUCTURES (Sensitivity to  DFT functionals?)
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Answer: Results are correct qualitatively,
actual numbers questionable!
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G and A (purines ) share si
profile,

C and T smaller response
(pyrimidines, have a single
carbon heterocyclic, a lowe
coupling)
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on from group of Stuart Lindsay, ASU

al, Nanotechnology 20, 075102, 2009
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chemistry at the tip of the electrodes ha s a dramatic effect on tt

ith the molecule.
(1S required to understand the extent to which the de scribed current enhan
re realistic representations of the DNA molecule in a n aqueous and electrc

nical matching are expected for various ty pes of biomolecules (building a |

nce of N establishes a natural connection with purine and pyrir
ough the H -bonding.

\ sequencing:

of selectivity between  quasiresonant nucleotides by Stark effect induced by a third gate



A2)
) THER APPROACH to the tunneling UNCERTAINTIE
AC regime: Capacitance of DNA Nucleotides

C capacitance measurements by threading a single-
randed DNA polymer through a  nanogap between
ectrodes are simulated using a  formulation of the
uantum -mechanical linear response theory . The
sults for the capacitances of the DNA nucleotides ,
ough small values (10 2! F) indicate a possibility  for
stinguishing  the  nucleotides  through  the
pacitance measurement, which requires
rengthening by modulation spectroscopy.



ading Capacitance of Nucleotia

X.-G. Zhang, Q. Lu
Biophys. J. 95, L6Q-6
(2008)

tide molecules (a) A, (b) C, (c) G, (d) T, (e) A' (rotated 90 degs),
otated 90 degs around x, between two Au electrodes.
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C Linear Response (Flnlte Systerr
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(a) Voltage profile and (b) charge response of the nano-gap system wi
nucleotide A between two electrodes with 8 Au layers.



olecular capacitance of the nucleotides A, C, G, and T, as a function
the length of the Au electrodes.

1all values of capacitances (10 %' F) indicate of GHz frequencies
d not impressive selectivity.



\rtificial DNA bases (x-bases) have smaller HOMO-LUMO gaps

itural DNA bases. Probed whether x-bases can be used to seq
DNA.

M. Fuenetes Cabrers
Nanotechnology 18, £



pases petween two
ctivity. The small value of their conductance suggests that the |

are undistinguishable
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-bases, although have a smaller HOMO-LUMO g
1an natural bases, are still undistinguishable in te
f their conductivity signals.

“might be possible to find ways to modify the nati
ases so as to make them have different conducti
roperties. However, adding extra benzene ring d
ot seem to be a successful approach.



DIRECT APPROACH TO THE CONTROL
OF DNA LOCALIZATION AND TRANSLOCATION

Molecular dynamics simulation study on
trapping ions in a nanoscale Paul trap

g a possibility of studying DNA and other charged molecule
ded CNT-N probes while achieving a full control of their transloca
ition In the trap

al,Nanotechnology J. 19, (2008) .
, and M. Reed, “ Control of motion of single atoms/molecules in an a guec
D nanoscale Paul trap ” . patent nendina .
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THROUGH A QUADRUPOLE GATE

Predrag S. Krstic, Mark A. Reed,
Sony Joseph, Weilhua Guan

Collaboration initiated at NGC2007 in Phoenix, AZ!



purpose: To prototype and characterize a new devic
oscale guadrupole Paul trap, for isolation, trapping,
zation and control of the DNA motion

- DNA stablilized within the force field channel, nc
/alls

bined static (DC) and radio -frequency (RF)
)olar trapping electric fields provide enhanced con
ilities both In translocation and detection.



> electric fields alone cannot create a stable (lon) trap

rimposed static electric & magnetic fields fiel d can w
ng trap), but nanoscale confinement is difficult

-dependent electric fields
ork (RF, or Paul trap),
rnating “trapping” /

rapping ” , at right frequency.

al
Irations
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NEED MULTISCALE APPROACH

Multiscale approach

O (50 nm to 10 um)

Electrodes
with fixed
» AC/DC

Continuum theory <
— Coupled Poisson Nernst

potentials

test for screening effects by
the Debye layer near the
electrode

— Simulate the box O (50 nm to
1 um)
— Solution: avg mean field

concentration and potential
distribution

Planck Eqns for electrolyte toT
y

Poisson+Nernst-

Molecular Dynamics
Planck for electrolyte

— Simulate only the region a

little larger than the region of
confinement region O (5-25

N NMolaciilar DOIWwsnamire fAr

on the
boundary

>

O (5-25 nm)



Issues

)le layer near electrodes:

S It screen the electrode potential?
a line charge be trapped?

ld 1ons Interfere with DNA trapping?



ectrolyte In the water. DOeS It SCreen tne electr O(
otential?

Scaled potential: Continuum theory
FVIRT

1tial In the entir

N IS screened by t — .
Y AC potential Is not screened If
c double Iayer at tr

S RF freaquencv hiagh enouah (>100MH2)



' Aqueous nanotrap (Vi
nanotrap (View from the side) View from the top to the nanopore

agueous guadrupole nanotrap and Cl ion(s)

by molecular dynamics simulations that a low energy ion can be
In a nanoscale Paul trap in both vacuum and agueous environmer
e AC/DC electric fields are applied to the system. The oscillat
N the aqueous environment, but polarization of water molecules
1 of higher voltage biases to reach improved stabllity of the trapping.




Ime and circulation radius of a chlorine ion inside
temperatures. (318 GHz, Vdc=200 mV, Vac=600 mV)

Trapping of a chlorine ion insideap of 50 nn
The trapping fields are Vdc=80 mV, \&2AOr

ilizations for various trap parameters



Example :

Stabilization in the 50nm solvate

Radius of rotation about axisis ~1.5r
Statistical fluctuations are (1 SD) abo
0.3 nm.

Over 500,000 water molecules to fill t
About 20,000 gold- electrode atoms
300 K
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vacuum water

-0 2k=92

8QV,. / mpw?
A0V. . | mrw?



N a DNA (genericallv: line charge) pbe confineq?
Line charge:
DNA In Vacuum

V=1V, V=0, w=20 GHz, ry=15 nm

JW/ f

1,5
time (ns)

*Trajectory oscillations different
for different bases

N
TGS

radius (nm)
. b
= 81 N

=

2
o o

A=4
[

q=0.34: stable

3.5 e | |

3 ""‘EEE“
3o q=0.34: stable _ Stretching ft
@ 2F -
3 1.5 Added dE_/dz =-0.013 V/nm?2

il i

0.5
00 0:5 i 1.5

time (ns)

Stretching electric field increases confinement

h mace charae and <tretchina farce all hel N confinement |






\nd electrolyte ions interfere with the D  NA confinemen t mechanisr

g (stability) for DNA 10 time
smaller than ions

DC component of V can he
confinement, but only in abs
of electrolyte

X Not much blgger than conflnement region (nm size),

< 20 - 0. - 71 0. . . =& _ £ o
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