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1) The importance of single cell large scale
 genomic length mapping

“All happy families are the same, all unhappy 
families are unhappy in different ways” 

-Tolstoy
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WORLD WAR ON CANCER MAKES NOTABLE GAINS
By GEORGE A. SOPER, Ph.D.
New York Times  (1857-Current file); Dec 8, 1929; ProQuest Historical Newspapers The New York Times (1851 - 2003)
pg. XX13
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My sister, Linda, died from ovarian cancer.  The progression 
was typical: surgery, chemo,  remission followed by relapse 
after 2 years, which was fatal.  Same old story.

What happened to the War on cancer?  Where is the Victory?
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The genome in cancer cells undergoes 
rapid evolution under conditions of high 
stress.  

Sequencing is hopelessly specific for 
mapping these rapid and large scale 
genomic rearrangements, and present 
techniques cannot map single cells 
rapidly and with high spatial resolution.
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2) Troubles with present technologies
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B ionanotechnology has become a hot area of
research as scientists struggle to apply
nanotechnology to areas of biological
interest.One of the main reasons for this is
the realization that nanotechnology can,in

principle,be used to examine biomolecules one by one.
Achieving single-molecule analysis would have a huge
pay-off.For example,single-molecule DNA sequencing
means reading the base-pair sequence of a single DNA
molecule from a single cell without any of the enormous
complications and information distortions created by
the existing steps of cloning,polymerase chain reaction
amplification,and capillary electrophoresis separation.
Unfortunately,analysing single molecules is a fiendishly
difficult task,not only because the individual molecules
must be moved past a sensor of some sort,but also
because extraordinarily sensitive technologies must be
developed to respond to their molecular properties.

On page 611 of this issue,Li et al.1 exploit recent
advances in the fabrication of synthetic nanopores2,3

with remarkably small diameters (3–10 nm) to measure
the motion of single DNA molecules through the pores.
The most surprising result of this work is that the DNA
molecules do not thread meekly through these
nanopores like a noodle of spaghetti that you suck up,
but instead come through the pore in several ‘bent
hairpin’configurations.The experiments of Li et al. use
real molecules of biological interest,and are an
important step in crossing the gap between the quirky
but ‘true’nanopores of biology,and the robust,but still
too large,nanopores coming from physics.

Single-molecule sequencing is still a distant goal, so
before they can address biologically relevant problems,
scientists first need to learn how to handle single DNA
molecules.DNA can be an extremely long polymer,up
to several centimetres in length.But as it has to curl up
into the nucleus of a cell (a few micrometres in
diameter), it cannot be perfectly rigid.The ‘bendability’
of a linear polymer can be expressed by a physical length
called the persistence length — a concept that comes

from statistical physics,and is a measure of how far you
can go in a straight line along the backbone of a
polymer,on average,before thermal fluctuations move
you in another direction.A more accurate statement is
that the persistence length is the mean radius of
curvature of the molecule at some temperature,T,due
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NANOPORES

The art of sucking spaghetti
Biomolecules are notorious for their unpredictable flexibility.
Some of the smallest nanopores ever created are being
used to manipulate individual DNA molecules, with far-from
simple results.

Figure 1 Scientists wishing to straighten out elastic polymers,such as DNA, require very tiny pores a few
nanometres in diameter.Li et al.1 use an ion beam to shrink a micropore in a silicon nitride membrane down to
nanoscale dimensions.DNA molecules threading through the nanopores don’t always behave as expected,
but these experiments bring us a step closer to the goal of single-molecule analysis, including DNA sequencing.

Image:Dana Sigall,www.sigall.com.
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A very important concept here: the persistence
length "p" of a flexible polymer.  Basically, it is a
measure of how far you move along an arc before
thermal energy bends the polymer randomly.

t(0)

t(s)

<t(0) t(s)> = exp(-s/p) p = 600 Angstroms =
200 bp (double-strand DNA)

This number controls statistics, dynamics

movie:wayne
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Can you see the problem?
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Dekker et al.  Notice the magic.
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3) The advantages of nanochannels for 
large scale genomic length mapping
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Here’s an interesting polymer problem: what happens 
when you put a long polymer of persistence length p in a 
nanochannel?  Lot’s of surprises.

Suppose the channel is say 200 nm wide, and the polymer 
has a persistence length of 50 nm.  The diameter of the 
dsDNA molecule is only about 2 nm, so most of the volume 
of the channel is water, since the diameter of the polymer 
is much less than the persistence length or the channel 
dimension.

You might think that the self-avoiding random walk 
would be an unnecessary complication.
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Lz = L
(pw)1/3

D2/3

If the polymer has contour length L, the end-end 
length in a tube of diameter D for a polymer of width 
w is:

The entropic spring constant k of this confined polymer is:

k ! 15
4
kBT
L

[
1

pwD

]1/3

Monday,11 May, 09



Monday,11 May, 09



Lz = Lcos(θ) = L

[
1−A

(
D
P

)2/3
]

.
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Restriction mapping of DNA with endonucleases is a central 
method of modern molecular biology.  It is based on the 
measurement of fragment lengths after digestion, while possibly 
maintaining the respective order.

Robert Riehn  decided that perhaps we could bring restriction 
enzymes into these nanochannels and cut genomic length DNA 
molecules at precise sites.  Since we would observe the cutting 
directly, there would be no scrambling of the order of the cut sites, 
and so we could do a direct physical map of a DNA of genomic 
length.

This has been a hard road to go down!
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4) Beyond optics: electronic detection
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Central idea:  combine nanochannel 
elongation with “electronic” detection 
of the charged DNA molecule, either 
by nanoelectrodes directly put into 
nanochannels or via nanpores serially 
connected with nanochannel.

Monday,11 May, 09



Some warnings:

1) Debye length (shielding of charged 
phosphate groups by saline counter-ions 
is quite small (nm or less), creates charge 
double-layer. 

1
κ

=

√
εεokBT

e2Σic∞i z2
i
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2) Water is a very wide band-gap 
semiconductor, “conduction” is via 

     electrochemical ion neutralization 
(something the cold-fusion people have trouble 
with I think)

so:  impedance is strictly capacitively coupled 
through the double-layer unless  electrode 
potential reaches hydrolysis potential.
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3)  On-chip electronics (MOSFET?) probably 
needed for signal amplification/filtering/
multiplexing cannot withstand high 
temperature processing/high field sealing 
technologies, we need to develop “soft” 
nanochannel techniques.
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One of my Princeton colleagues jumped the gun on this I think:

X. Liang and S. Y. Chou, Nanogap detector inside nano-
fuidic channel for fast real-time label-free DNA analysis," 
Nano Lett., vol. 8, pp. 1472-1476, 2008.
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Our attempt to make an AC-coupled
conformal system with low 
temperature processing for on-chip
electronics.
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1)  Electron-beam 
lithography (EBL) to 
make nanoelectrodes

2) EBL to make sacrificial 
PMMA nanochannels

3) parylene-C to make 
conformal coating of 
PMMA nanochannels.

4) Sacrificial removal of 
     PMMA
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22 pairs of nanoelectrodes along a 12 mm
long nanochannel
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(A)                                         (B)

NANOCHANNELS

10 nm of SiO2  to make  hydrophyllic 
surface, wet easily (100 nm wide 
nanochannels)
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NANOCHANNEL

10
MICRONS

parylene C autofluorescence precludes 
single-molecule detection optically.
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External Electrodes
Ground

(A)

(B) 

p-Si

1) Nanoelectrodes fabricated on 100 nm of 
SiO2  grown on p-doped Si wafer for 
ultimate FET operatation.

2) 10 mV RMS drive, no DC bias.
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wafer-electrode coupling

nanochannel

electrolysis channel
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Surprisingly, we understand some aspects 
of this complex circuit pretty well.
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Bulk buffer

Nanochannel

Longitudinal Impredance (like a nanopore).
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Fits to bulk water ( just stick two gold wires 12 
mm apart into buffer) give good numbers for 
CDL (10 uF/cm2 ) and 
conductivity of saline buffer (200 1/ohm-cm).

Fits to nanochannel give conductivity of water 
in 100 nm nanochannel TOO HIGH by about 4 
orders of magnitude!

Big mystery right
now.  
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Transverse impedance measurements between 
nanoelectrodes more complex because 
electrodes couple capacitively into p-dope Si 
wafer substrate of rather low resistivity of 
about 10 ohm-cm

DryWet
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1) Water barely visible in terms of impedance 
change compared to dry electrode  because 
of capacitive coupling to substrate.

2) Still get impedance of solvent far too small 
by about 4 orders of magnitude.

3)  DNA detection electronically with high 
speed HOPELESS with this configuration!

Mothers: don’t let your children try to 
electronically detect DNA!
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5. Quo vadis?
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1) I think we have to construct 
nanochannels in front of nanopores 
in order to wring out the entropy 
and get control of the molecule 
pasing by the nanopore.
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!

Figure 0. Diagram of a transverse electrode 

configuration, where both electrodes are positioned on 
the same membrane surface to sense across the pore 

aperture, intended to allow new sensing strategies such 
as measurement of tunneling current through 

translocating DNA molecules. 

!

Mariija  Drndic, U Penn Physics: transverse 
nanoelectrodes 

2)  AC-couple transverse nanoelectrodes
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3)  On-chip MOSFET amplifiers to locally 
amplify up expected tiny signals at the pA 
level at the MHz bandwidths.

Ken Sheppard, EE, Columbia University
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We’ll get there!

Thanks!
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