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DNA linearization by confinement
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matching against maps of known genomes, its throughput and resolu-
tion impose severe limits for large-scale genome mapping.

Here we report an accurate, high-throughput genome mapping 
technique that has been optimized for general use. The core tech-
nology is a nanofluidic chip that contains nanochannels that keep 
long DNA molecules in a consistent, uniformly elongated state. 
Fluorescently labeled DNA molecules are drawn into the nanochan-
nels, held still and imaged automatically on the multicolor Irys instru-
ment. After imaging, additional sets of DNA molecules are streamed 
into the nanochannels for imaging. This process is repeated many 
times until the DNA is depleted or the nanochannels are rendered 
unusable as a result of clogging.

The nanofluidic chip contains three sets of nanochannels, each 
consisting of ~4,000 channels that are 0.4 mm in length and 45 nm 
in diameter. Using 193-nm lithography in a nanofabrication process 
on the surface of a silicon substrate, nanochannel array chips are pro-
duced with precise diameters. DNA molecules in the 45-mm nano-
channels cannot fold back on themselves and are forced by physical 
confinement to be in an elongated, linearized state18,19.

As long DNA molecules in solution exist as coiled balls, a gradient 
region consisting of pillars and wider channels is placed in front of the 
nanochannels to allow the DNA molecules to uncoil as they flow toward 
the array (Fig. 1)20. In this region, the physical confinement is suffi-
ciently dense that the molecules are forced to interact with the pillars, 
yet sufficiently sparse that the DNA is free to uncoil. Once uncoiled, the 
DNA can then be efficiently flowed into the array in a linear manner.

Our genome mapping approach combines robust, sequence-specific 
labeling, consistent linearization of extremely long DNA molecules 
in nanochannel arrays, automated imaging, high-resolution imag-
ing, size measurements of single molecules and map construction. It 
provides a simple technique for mapping complex regions or whole 
genomes, and facilitates sequence assembly with long-range scaffold-
ing information and structural variation analysis.

RESULTS
To demonstrate the utility of our approach, we used genome map-
ping to construct sequence motif maps of 95 bacterial artificial chro-
mosome (BAC) clones covering the 4.7-Mb MHC region from two 
individuals (PDF and COX libraries used by the MHC Haplotype 
Consortium21,22). Subsequently, we performed de novo sequence 

assembly using next-generation sequencing reads. The sequence-
motif maps and sequencing contigs were then compared to the ref-
erence sequences reported by the MHC Haplotype Consortium as 
confirmation and to uncover potential differences.

Generation of sequence motif maps by genome mapping
Genome mapping consists of four steps: sequence-specific labeling, 
linearization of the labeled long DNA molecules, imaging and map 
construction. The process is illustrated in Figure 2 for a 183-kb BAC 
clone. We used a nicking endonuclease to introduce single-strand 
nicks in the double-stranded DNA (dsDNA) at specific sequence 
motifs. Fluorescent dye conjugated nucleotides (Alexa 546 dUTP) 
were then incorporated at these sites by Vent (exo-) polymerase  
(Fig. 2a)23,24. Next, we stained the labeled DNA molecules with the 
DNA-intercalating dye, YOYO-1, which facilitates visualization of the 
DNA molecule and measurement of its size. Then, we loaded the DNA 
onto a nanochannel array chip and applied an electric field, which 
gradually drives the long, coiled DNA molecules in free suspension 
through a series of micro- and nanofluidic structures. The molecules 
stretched and linearized as they moved through entropic-confinement 
inside the nanochannels20. Once the nanochannels were populated by 
a set of linearized DNA molecules, we imaged them with automated 
high-resolution fluorescent microscopy (Fig. 2b).

We determined the size of each DNA molecule by directly mea-
suring its contour length18. The measured length of this clone was 
50.5 m, corresponding to 85% of the theoretical maximal stretch-
ing (complete elongation of a 183-kb DNA molecule is expected 
to be 59.4 m, assuming 0.34 nm/bp). Based on measurements of  
1,251 molecules, the DNA length measurement had a s.d. of 1.3 kb 
(or 0.36 m, Fig. 2c).

We then marked the positions of the fluorescent labels along 
the DNA molecule, which yielded the distinct distribution of the 
sequence motifs recognized by the nicking endonuclease for each 
fragment. We constructed consensus sequence motif maps by com-
paring and clustering DNA molecules with the same sequence motif 
patterns. Molecules can enter into the nanochannels in either orien-
tation; clusters that are mirror images of each other originating from 
the same BAC were recovered for each clone (Fig. 2d, top panel). 
The histogram peaks (Fig. 2d, bottom panel) represent the location 
of each sequence motif (GCTCTTC) along the molecules. A total  
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Figure 1 Nanochannel arrays. (a) In a 
microfluidic environment, long (>100 kb)  
DNA fragments (in green in bottom panel) are 
in the coiled ball form and clog the entrance 
of the nanochannel array, as it is energetically 
unfavorable for the molecules to uncoil and 
enter the nanochannels. (b) A gradient region 
is placed in front of the nanochannels.  
Here, the physical confinement is sufficiently 
dense that the molecules are forced to flow 
by the pillars, where they uncoil and stream 
into the nanochannels without clogging. 
(c) Fabrication of the nanochannel array 
using interference lithography to produce 
120-nm channels in silicon followed by 
tuning to a smaller diameter with material 
deposition and capping with a glass cover to 
allow for fluorescence imaging. (d) A profile 
scanning electron microscopy image of 45-nm 
channels. (e) An s.e.m. image of the 45-nm 
channels patterned on the silicon substrate 
before bonding to the glass.

Lam et al., Nat. Biotech. 30, 771 (2012)
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of 18 nicking sites >1.5 kb apart were detected, and the pattern is  
in concordance with the reference in silico m

ap.
O

verall, individual m
olecules were labeled with 79%

 efficiency at 
nicking sites (true positives) and with a 4%

 false-positive rate. To deter-
m

ine the effect of m
issing labels, we constructed consensus m

aps using 
different num

bers of single sequence m
otif m

aps (depth fold-coverage). 
W

e generated consensus m
aps from

 100 data sets of 10, 20, 30, 40, 50, 60, 
70, 80, 90 or 100× coverage and com

pared each one with the reference 
m

ap. At 20× coverage, false negative nick-label sites occurred at a rate of 
0.26%

 on the consensus m
ap. At higher coverage, there were essentially 

no m
issed label sites in the consensus. The s.d. of consensus peak posi-

tion m
easurem

ents was 0.9 pixels (1 pixel corresponds to 492 bp).
In a typical experim

ent, im
ages of 21,000 D

NA fragm
ents >50 kb in 

length and with three or m
ore labels were acquired autom

atically (cover-
ing 2,060 M

b of sequence, or 433× of the 4.75 M
b region being m

apped). 
After rem

oving the lower quality m
aps of individual fragm

ents in the 
clustering and m

apping process, we found that the m
edian coverage for 

the BACs was 114×, with m
inim

al 54× and m
axim

al 358× coverage.
W

e perform
ed genom

e m
apping of ten individual BACs, and the 

resulting sequence m
otif m

aps were highly consistent with the refer-
ence m

aps for the M
H

C region (data not shown).

G
enom

e m
apping of the M

H
C region w

ith 95 B
ACs

W
e generated m

otif m
aps of the M

H
C region for two haploid clone 

libraries from
 the M

H
C H

aplotype Consortium
 collection. W

e used 
49 and 46 BAC clones from

 the PG
F and CO

X libraries, respectively. 

W
e m

ixed sam
ples of all the clones for each library, extracted D

N
A, 

nick-labeled each m
ixture with N

t.BspQ
I, and divided it into two 

aliquots. W
e linearized one aliquot from

 each m
ixture with the N

otI 
restriction enzym

e and the other with BsiW
I. Thus, in total, we gene-

rated four nick-labeled, linearized m
ixtures. W

e loaded each m
ix-

ture in the nanochannel array separately and im
aged it, yielding 108 

im
ages that covered 27 horizontal field-of-view regions across the 

2-m
m

 width of the array with four contiguous fields of view verti-
cally spanning 0.4 m

m
 (Fig. 3a). The contiguous im

ages were stitched 
together to produce a longer field of view. In total, we collected im

ages 
of 23,000 m

olecules corresponding to 3 G
b of D

N
A sequence. The 

size of each m
olecule ranged from

 20–220 kb, with a large fraction of 
the m

olecules >100 kb (Fig. 3b).
To sim

ulate a data set obtained from
 a diploid D

N
A sam

ple, we 
com

bined im
age data from

 all four m
ixtures before analysis. W

e calcu-
lated distances between each label for all the m

olecules and perform
ed 

unsupervised clustering analysis to produce a total of 140 independent 
clusters, each with >100× coverage. W

e then used these clusters to con-
struct consensus sequence m

otif m
aps for individual BAC clones, and 

joined m
aps of overlapping BACs to produce contig m

aps (Fig. 3c).  
In all, we obtained three contigs across the 4.7-M

b M
H

C region 
(Fig. 4a). W

e also identified regions harboring haplotype differences 
between the two haploid genom

es. W
e confirm

ed all the differences 
identified by analyzing the haploid PG

F and CO
X data sets inde-

pendently. Consistent with previous reports 22, differences between 
the haploid m

aps were concentrated around the H
LA genes.

Figure 2
 G

enom
e m

apping. (a) N
ick-labeling by N

t.B
spQ

I and D
N

A 
polym

erase is accom
plished by top-strand D

N
A cleavage (blue arrow

),  
one nucleotide 3

 from
 the recognition sequence (in bold italics),  

follow
ed by incorporation of fluorescent nucleotide analogs (in red)  

w
ith concom

itant D
N

A strand displacem
ent. (b) The D

N
A m

olecule is 
stained w

ith YO
YO

-1 and loaded into the port of a nanoarray flow
cell  

(left panel). The D
N

A m
olecules are introduced into the region w

ith pillars 
and m

icrom
eter-scale relaxation channels by an electric field w

here 
they unw

ind and linearize (top right panel). Finally, the D
N

A m
olecules 

are pushed by a low
-voltage electrical pulse, and they enter the 45-nm

 
nanochannels, w

here they are stretched uniform
ly to 85%

 of the length 
of perfectly linear B

-D
N

A (bottom
 right panel). The D

N
A is visualized as 

blue linear structures in the nanochannels, w
ith green labels m

arking 
the N

t.B
spQ

I nick sites. (c) The length of the D
N

A m
olecules and the 

positions of nick labels on each D
N

A m
olecule are determ

ined after 
autom

ated im
age capture. The fragm

ent size profile of a 183-kb B
AC is 

show
n, w

ith the narrow
 peak w

idth indicating uniform
 D

N
A linearization. 

(d) The D
N

A m
olecules are clustered into groups (representing individual 

B
ACs) based on nick-labeling pattern sim

ilarity. As B
AC m

olecules can 
enter the nanochannels in either orientation, each B

AC is represented by tw
o clusters w

ith opposite orientations (top panel). After com
bining the tw

o 
clusters, histogram

 plots of nick-labeled D
N

A (bottom
 panel) are used to define the locations of N

t.B
spQ

I sites. n 
 100 m

olecules. 

a
bc

302520151050
0

DNA mass (A.U.)

50
100

150
200

F
ragm

ent 1

F
ragm

ent 2

F
ragm

ent 3

300 kb

250
D

N
A

 m
olecule length (kb)

Figure 3
 G

enom
e m

apping of m
ixtures of 9

5
 B

A
C

s from
 the P

G
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C
O
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age of a single field of view

 (FO
V 7

3
 ×

 7
3

 
m

) 
containing a m

ixture of nick-labeled D
N

A
 m

olecules in the nanoarray. 
This FO
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0

8
 FO
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n in the bottom

 part of the panel 
(outlined in green). E

ach FO
V can accom

m
odate up to 2

5
0

 kb of a D
N

A 
m

olecule from
 top to bottom

. The im
ages of four FO

Vs are stitched 
together so that longer m

olecules (up to 1
 M

b) in a single channel can 
be analyzed w

hole. In all, there are 2
7

 sets of four vertical FO
Vs per 

array scan. (b) The distribution of the D
N

A
 m

olecules im
aged on the 

nanoarray by length. The m
ajority of the m

olecules are 1
0

0
–1

7
0

 kb 
in length as expected from

 the B
A

C
-clone sizes. (c) A

fter clustering of 
D

N
A

 m
olecules based on nick-labeling patterns, consensus m

aps w
ith 

overlapping patterns are assem
bled into contiguous-sequence m

otif 
m

aps. In this exam
ple, three overlapping consensus m

aps (each  
~

1
5

0
 kb long) are assem

bled into a 3
0

0
-kb m

ap.
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matching against maps of known genomes, its throughput and resolu-
tion impose severe limits for large-scale genome mapping.

Here we report an accurate, high-throughput genome mapping 
technique that has been optimized for general use. The core tech-
nology is a nanofluidic chip that contains nanochannels that keep 
long DNA molecules in a consistent, uniformly elongated state. 
Fluorescently labeled DNA molecules are drawn into the nanochan-
nels, held still and imaged automatically on the multicolor Irys instru-
ment. After imaging, additional sets of DNA molecules are streamed 
into the nanochannels for imaging. This process is repeated many 
times until the DNA is depleted or the nanochannels are rendered 
unusable as a result of clogging.

The nanofluidic chip contains three sets of nanochannels, each 
consisting of ~4,000 channels that are 0.4 mm in length and 45 nm 
in diameter. Using 193-nm lithography in a nanofabrication process 
on the surface of a silicon substrate, nanochannel array chips are pro-
duced with precise diameters. DNA molecules in the 45-mm nano-
channels cannot fold back on themselves and are forced by physical 
confinement to be in an elongated, linearized state18,19.

As long DNA molecules in solution exist as coiled balls, a gradient 
region consisting of pillars and wider channels is placed in front of the 
nanochannels to allow the DNA molecules to uncoil as they flow toward 
the array (Fig. 1)20. In this region, the physical confinement is suffi-
ciently dense that the molecules are forced to interact with the pillars, 
yet sufficiently sparse that the DNA is free to uncoil. Once uncoiled, the 
DNA can then be efficiently flowed into the array in a linear manner.

Our genome mapping approach combines robust, sequence-specific 
labeling, consistent linearization of extremely long DNA molecules 
in nanochannel arrays, automated imaging, high-resolution imag-
ing, size measurements of single molecules and map construction. It 
provides a simple technique for mapping complex regions or whole 
genomes, and facilitates sequence assembly with long-range scaffold-
ing information and structural variation analysis.

RESULTS
To demonstrate the utility of our approach, we used genome map-
ping to construct sequence motif maps of 95 bacterial artificial chro-
mosome (BAC) clones covering the 4.7-Mb MHC region from two 
individuals (PDF and COX libraries used by the MHC Haplotype 
Consortium21,22). Subsequently, we performed de novo sequence 

assembly using next-generation sequencing reads. The sequence-
motif maps and sequencing contigs were then compared to the ref-
erence sequences reported by the MHC Haplotype Consortium as 
confirmation and to uncover potential differences.

Generation of sequence motif maps by genome mapping
Genome mapping consists of four steps: sequence-specific labeling, 
linearization of the labeled long DNA molecules, imaging and map 
construction. The process is illustrated in Figure 2 for a 183-kb BAC 
clone. We used a nicking endonuclease to introduce single-strand 
nicks in the double-stranded DNA (dsDNA) at specific sequence 
motifs. Fluorescent dye conjugated nucleotides (Alexa 546 dUTP) 
were then incorporated at these sites by Vent (exo-) polymerase  
(Fig. 2a)23,24. Next, we stained the labeled DNA molecules with the 
DNA-intercalating dye, YOYO-1, which facilitates visualization of the 
DNA molecule and measurement of its size. Then, we loaded the DNA 
onto a nanochannel array chip and applied an electric field, which 
gradually drives the long, coiled DNA molecules in free suspension 
through a series of micro- and nanofluidic structures. The molecules 
stretched and linearized as they moved through entropic-confinement 
inside the nanochannels20. Once the nanochannels were populated by 
a set of linearized DNA molecules, we imaged them with automated 
high-resolution fluorescent microscopy (Fig. 2b).

We determined the size of each DNA molecule by directly mea-
suring its contour length18. The measured length of this clone was 
50.5 m, corresponding to 85% of the theoretical maximal stretch-
ing (complete elongation of a 183-kb DNA molecule is expected 
to be 59.4 m, assuming 0.34 nm/bp). Based on measurements of  
1,251 molecules, the DNA length measurement had a s.d. of 1.3 kb 
(or 0.36 m, Fig. 2c).

We then marked the positions of the fluorescent labels along 
the DNA molecule, which yielded the distinct distribution of the 
sequence motifs recognized by the nicking endonuclease for each 
fragment. We constructed consensus sequence motif maps by com-
paring and clustering DNA molecules with the same sequence motif 
patterns. Molecules can enter into the nanochannels in either orien-
tation; clusters that are mirror images of each other originating from 
the same BAC were recovered for each clone (Fig. 2d, top panel). 
The histogram peaks (Fig. 2d, bottom panel) represent the location 
of each sequence motif (GCTCTTC) along the molecules. A total  
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Figure 1 Nanochannel arrays. (a) In a 
microfluidic environment, long (>100 kb)  
DNA fragments (in green in bottom panel) are 
in the coiled ball form and clog the entrance 
of the nanochannel array, as it is energetically 
unfavorable for the molecules to uncoil and 
enter the nanochannels. (b) A gradient region 
is placed in front of the nanochannels.  
Here, the physical confinement is sufficiently 
dense that the molecules are forced to flow 
by the pillars, where they uncoil and stream 
into the nanochannels without clogging. 
(c) Fabrication of the nanochannel array 
using interference lithography to produce 
120-nm channels in silicon followed by 
tuning to a smaller diameter with material 
deposition and capping with a glass cover to 
allow for fluorescence imaging. (d) A profile 
scanning electron microscopy image of 45-nm 
channels. (e) An s.e.m. image of the 45-nm 
channels patterned on the silicon substrate 
before bonding to the glass.



DNA confinement is complicated

Nanochannel

Nanoslit

‣ Polymer Physics
‣Hydrodynamics
‣ Electrostatics
‣ Geometry
‣ Surface Chemistry



A Numerical Model
DNA as a wormlike chain:
‣ sequence independent
‣ locally stiff
‣ short-range excluded volume 

interactions
‣ neutral polymer

Appropriate length scale:
‣ Small enough to model 

confinement
‣ Large enough to reach 

experimental molecular 
weights



Advanced Monte Carlo Simulations

CFD for Stokes Hydrodynamics

(a) PERM (b) Metropolis



Dynamics of Confined DNA

Tree et al. Phys. Rev. Lett. 108, 228105 (2012)
Tree et al. Biomicrofluidics 7, 054118 (2013)
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Regimes of Confined DNA

Tree et al. Phys. Rev. Lett. 110, 208103 (2013)

DNA in Slits

Tree et al. In Review



What are the equilibrium 
properties of a wormlike chain 
confined in a slit much smaller 
than its persistence length?

DNA strongly confined in a slit



Weakly confined chains

Blob Theory (de Gennes)

Side Top

Daoud, M. and de Gennes, P.-G. J. Phys. France 38, 85 (1977)



Deflection Segments (Odijk)

Deflection Length
Odijk. Macromolecules 16, 1340 (1983)

Mean square deviation 
of a free solution WLC

Confinement 
Length Scale



Ideal Chains

Side Top

Yang et al. Phys. Rev. E 76, 011804 (2007)



Top‣ Incorporate excluded volume
‣ Hypothesis of Dai et al.: DNA is a 2D 

self-avoiding walk of a virtual 
projected chain.

Real Chains

Dai et al. Soft Matter 8, 2792 (2012)

‣ Parameters for virtual chain are 
obtained by mapping back to 3D 
chain



2D Wormlike Chains

Hsu et al. Soft Matter 8, 2792 (2012)
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‣ Applicable to confined and 
unconfined systems

‣ Off-lattice
‣ Can estimate free energiesTree et al. Macromolecules. 46, 8369 (2013)

Grassberger. Phys. Rev. E. 56, 3682 (1997).
Prellberg and Krawczyk. Phys. Rev. Lett. 92, 120602 (2004).

Pruned Enriched Rosenbluth Method

‣ Chain-growth Monte Carlo 
technique

‣ Efficient for O(104-105) beads



PERM Results - Ideal Chains
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PERM Results - Real Chains

Tree et al. Submitted
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PERM Results - Real Chains

Tree et al. Submitted
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PERM Results - Real Chains

Tree et al. Submitted
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‣ Projected chain theory doesn’t treat excluded volume correctly!

What is wrong?

Tree et al. Submitted
‣ But, it has the right idea about a nearly 2D chain.



‣ Chain is a two-dimensional walk of deflection segments
‣ As such we need to incorporate the correct excluded 

volume...

Following De Gennes - Renormalize

Odijk, T. Phys. Rev. E 77, 060901(R) (2008)
Tree et al. Submitted

... and the dependence on the deflection segment length
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This accounting gives three sub-regimes in strong confinement:
‣ Rod-like chains when contour length is small
‣ Nearly ideal chains when chain width is small
‣ Self-avoiding chains otherwise

Conclusion
Odijk regime in slits is best described as a nearly 
two-dimensional walk of deflection segments.

Tree et al. Submitted
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The WLC model assumes 
DNA to be:
‣ sequence independent
‣ locally stiff
‣ space-filling with short-

range interactions

DNA is a Wormlike Chain (WLC)

w

b

Physical Quantity Symbol Value for λ-DNA

chain length L 21 μm
Kuhn length (stiffness) b or 2lp 106 nm

effective width w 4.6 nm

hydrodynamic radius a 2.9 nm



Bulk, Infinitely Dilute Solution

‣ What is the coil 
diffusion coefficient?

‣ What is the 
equilibrium coil size?



The Thermodynamic Limit

Smith et al. Macromolecules. (1996)

Real (self-avoiding), dilute 
polymers are expected to 
show universal behavior 
in the thermodynamic 
limit, 
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Monomer Anisotropy
The monomer anisotropy is 
a dimensionless ratio of the 
strength of the excluded 
volume to the stiffness.



Monomer Anisotropy
The monomer anisotropy is 
a dimensionless ratio of the 
strength of the excluded 
volume to the stiffness.

Can we reconcile scaling theory with 
the experiments of Smith et al.?



A Numerical Approach
Discrete wormlike chain (DWLC)
‣ Nb touching hydrodynamic beads of size, a
‣ Hard-core beads of size, w
‣ Bending constant,



A Numerical Approach

Pruned-enriched Rosenbluth 
Method (PERM)
‣ MC chain-growth method
‣ Off-lattice
‣ Chain lengths up to 105 beads

‣ Long chains are needed for 
experimentally relevant length 
scales (λ-DNA requires about 
5500 beads).

‣ Metropolis algorithm: chain 
relaxation time scales like L2

Grassberger. Phys. Rev. E. (1997).
Prellberg and Krawczyk. Phys. Rev. Lett. (2004).



Basics of PERM 
‣ Rosenbluth Method 

suffers from exponential 
attrition rate

Tour

x

enrich

prune

Attrition

Growth

x

‣ PERM grows tours of 
chains and handles 
attrition statistically by 
pruning and enrichment.
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Radius of gyration calculations:
‣ Confirm basic results of scaling theory (3 regimes, 

dependence on anisotropy)
‣ Scaling transitions are broad and continuous.
‣ Crossover length is longer than anticipated (1 Mbp) 

-- opposite of what we expected from experiments.

Results

What do dynamics tell us?



Hydrodynamic interactions



Rigid-Body Approximation to HI

Harden and Doi. J. Chem. Phys. (1992)

Diffusivity is approximated as the thermal averaged 
hydrodynamic mobility.

‣ Assumes near-equilibrium 
configurations which are 
perturbed by infinitesimal 
forces.

‣ Neglects correlations due 
to Brownian motion (mean 
field approximation).



Hydrodynamics of WLCs

Rod

Draining Coil
(weak HI)

Non-Draining Coil
(strong HI)



Tree et al. Macromolecules. (2013)

0

0.5

1

1.5

2

2.5

3

10−1 100 101 102 103

D
/D

Z
im

m

L [µm]

λ-DNA

865 kbp

PERM
Rod Diffusion

Swollen Coil Diffusion



Tree et al. Macromolecules. (2013)

0

0.5

1

1.5

2

2.5

3

10−1 100 101 102 103

D
/D

Z
im

m

L [µm]

PERM
Rod Diffusion

Swollen Coil Diffusion
Scattering and Sedimentation

Single Molecule Data



Tree et al. Macromolecules. (2013)

10−3

10−2

10−1

100

101

10−2 10−1 100 101 102 103

R
H
[µ
m
]

L [µm]

1

0.588

PERM

DLS

Sedimentation

Single Molecule



‣ Can model DNA as a wormlike chain.
‣ Basic scaling theory results are confirmed using 

Monte Carlo simulation.
‣ Crossover to universal behavior happens at very 

long contour lengths -- greater than 1 Mbp.
‣ The measured scaling exponent is not sensitive 

enough to indicate subtle changes in polymer 
draining behavior.

Conclusions

DR Tree, A Muralidhar, PS Doyle and KD Dorfman, 
Macromolecules. 46 (20) 8369-8382 (2013).



Polymer Physics of 
DNA in Solution

DR Tree, A Muralidhar, PS Doyle and KD Dorfman, Macromolecules (2013).
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Confined Semiflexible Polymer

Place a WLC in a tube with 
diameter D.
‣ Let the tube be long 

compared to the size of 
the chain.

‣ What is the span, X?
‣ What is the confinement 

free energy, ΔFc?



Confining a Chain

• Properties for long chains are extensive in subunits made 
of length LD.



Confining a Chain

• Properties for long chains are extensive in subunits made 
of length LD.
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Confined Chain -- de Gennes
• The chain is composed of a linear string of blobs.



Confined Chain -- Odijk



What about a Gaussian-like regime?



Unconfined ConfinedConfined

Summary of Confined Chain Theory

DR Tree, Y Wang and KD Dorfman, Phys. Rev. Lett. 110, 208103 (2013).



Confined Chain without Excluded Volume

10−3

10−2

10−1

100

101

10−2 10−1 100 101 102 103

3 2π
2

∆
F
c

k B
T

D
2

L
l p

(D − w)/lp

4

3
Fit

w/lp = 100

w/lp = 10−1

w/lp = 10−2

w/lp = 10−3



Confined Chain without Excluded Volume

10−3

10−2

10−1

100

101

10−2 10−1 100 101 102 103

F F
0

(D − w)/lp

4

3
Fit

w/lp = 100

w/lp = 10−1

w/lp = 10−2

w/lp = 10−3



Confined Chain without Excluded Volume
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Confined Chain with Excluded Volume
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Confined Chain with Excluded Volume
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Where are the regimes?
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‣ There is an analogy between the behavior of 
confined chains and free solution chains

‣ There is a Gaussian-like regime for large 
monomer anisotropies.

‣ This regime is the most practically relevant 
regime for confined DNA.

Conclusion

DR Tree, Y Wang and KD Dorfman, Phys. Rev. Lett. 110, 208103 (2013).



Polymer Physics of 
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Classic Analytical Results
Definition of the mobility in the Kirkwood approximation

Odijk (rods): D << lp de Gennes (coils): D >> lp



Confined Chain Hydrodynamics

Ω =
1

Nb
2

Nb�

i,j

�
δij

6πηa
I+ (1− δij)Ω

OB(rij) +ΩW(ri, rj)

�

Mobility of the 
confined chain

Free solution 
hydrodynamics

Wall
hydrodynamics

The three dimensional mobility tensor of the confined chain is the sum of effects

Jendrejack, Schwartz, de Pablo and Graham, J. Chem. Phys. 116, 7752-7759 (2002)
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de Gennes 
scaling

Odijk result

Tree, Wang and Dorfman, Phys. Rev. Lett. 
108, 228015 (2012)
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Tree, Wang and Dorfman, Phys. Rev. Lett. 
108, 228015 (2012)
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Tree, Wang and Dorfman, Phys. Rev. Lett. 
108, 228015 (2012)

10−1

100

10−1 100

µ
η
L

�X�/L

lp = 5.3 nm
lp = 23 nm
lp = 53 nm

de Gennes 
scaling

Odijk result

L = 9.4 μm
w = 4.6 nm



Connecting Mobility to Conformation

Friction dominated by segment-segment interactions



Friction dominated by segment-fluid interactions

Connecting Mobility to Conformation



Friction dominated by segment-wall interactions

Connecting Mobility to Conformation



Conclusions

Tree, Wang and Dorfman, Phys. Rev. Lett. 108, 228015 (2012)

‣ Monomer anisotropy also affect the 
hydrodynamic interactions and the chain 
mobility

‣ Predict that the hydrodynamic mobility will be 
proportional to chain length for DNA in 
nanochannels.


