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Abstract

The development of fluorescence microscopy of single-molecule DNA in the last decade has fostered a bold
jump in the understanding of polymer physics. With the recent advance of nanotechnology, devices with
well-defined dimensions that are smaller than typical DNA molecules can be readily manufactured. The
combination of these techniques has provided an unprecedented opportunity for researchers to examine con-
fined polymer behavior, a topic far less understood than its counterpart. Here, we review the progress
reported in recent studies that investigate confined polymer dynamics by means of single-molecule DNA

experiments.
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1. Introduction

Polymer behavior under confinement has Jong been a
research interest due to its fundamental and practical
importance. The applications include various separation
processes, oil extraction from porous media and genomics
assays. To foster understanding in this area, scaling the-
ories and deterministic predictions for polymers under dif-
ferent degrees of confinement have been proposed for
years (Daoud and de Gennes, 1977; Odijk, 1983). How-
ever, experimental studies of confined polymer behavior
mostly focused on investigating the partition function and
the retarded transport for weakly confined chains with the
ratio of the radius of gyration (R,,) over the smallest
dimension of confinement (%) between 0.1 to 1.

The review of Gorbunov and Skvortsov (1995) has sum-
marized the theoretical predictions of partition function of
confined polymers with emphasis on the situation with
polymer adsorption on the surface of confinement. On the
other hand, Teraoka (1996) has reviewed both the theo-
retical predictions and experimental measurements of the
partition function and the retarded diffusion of confined
polymers. The experiments were typically carried out with
size-exclusion chromatography to determine partition coef-
fictent, and with membrane filtration and dynamic hght
scattering to determine diuffsion coefficient. The transport
of weakly confined polymers in hydrodynamic flows was
reviewed by Deen (1987) and Dechadilok and Deen
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(2006). Since polymer conformation was assumed to be
only weakly perturbed, their transport was considered as a
variation of hindered transport of spherical particles.
Shagfeh recently published a thorough review(Shaqfeh,
2005) of single DNA dynamics in flow. It is interesting to
note that the section on confined DNA dynamics focused
more on simulations than experiments, which accurately
reflected the state of the field at that time.

The disparity between the progress in theories and exper-
iments reflected the difficulty in performing these exper-
iments. Such impediments are mainly due to (i) the
inability to create uniform features that are small enough to
confine synthesized polymers (a polystyrene molecule of
MW =10° has Rgsx4~30nm) while at the same time to
allow an accurate measurement of polymer properties, (ii)
the polydispersed nature of synthesized polymers, and (iii)
the difficulty to decouple effects of the partition coefficient
and retarded transport coefficient in experimental results.
However, the advance in single-molecule fluorescence
microscopy with DNA molecules(Perkins er al., 1994;
1995) and the development of nanotechnology in the last
ten years makes it possible to directly observe and measure
the behavior of DNA as a model polymer in well-defined
strong confinement(Volkmuth and Austin, 1992; Volkmuth
et al., 1994). Therefore, this review focuses on the recently
gained understanding of strongly confined polymers
(Rgpur/h> 1) using single-molecule DNA experiments. We
consider polymers confined in a slit-like geometry, in a cir-
cular or a rectangular pore, and on a surface. Studies of
polymers passing through a confining pore, although
highly related to the current topic, will not be covered.
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The studies of confined DNA have also lead to new
approaches in many applications including separation of
biomolecules(Han et al., 1999; Han and Craighead, 2000;
2002; Cabodi et al., 2002; Stein et al., 2006; Cross et al.,
2007; Salieb-Beugelaar et al., 2008), rapid gene-mapping
(Riehn er al., 2005; Jo et al., 2007; Chan et al., 2004; Lar-
son ef al., 2006), and understanding DNA-protein inter-
actions (Wang et al, 2005). Several recent articles
(Tegenfeldt er al., 2004b; Eijkel and van den Berg, 2005;
Mannion and Craighead, 2007; Douville ef al., 2008; Han
et al., 2008) have provided excellent reviews on these sub-
jects and are complementary to the current review.

The article is organized as follows. First, we define the
three types of confinement to be discussed. Second, we
summarize the theories that are used to explain/predict the
confinement effects on DNA/polyelectrolytes. Related
simulation results are also briefly reviewed here. Third, we
overview recent findings on confined DNA behavior at
equilibrium. Ionic effects and non-equilibrium dynamics of
confined DNA are also discussed. At the end, the outlook
for future research is given.

2. Type of confinement

We define “confined” in this article as the situation when

a polymer is placed in a geometry that has at least one
dimension smaller than the polymer’s equilibrium size in a
dilute bulk solution ~R,;,,. Following this thought, we
define three major types of confinement. S/it-like confine-
ment is defined when only one dimension of the geometry
is smaller than the natural size of a polymer (4 <Ry puit)-
Similarly, fube-like confinement is defined when a polymer
is confined in a tube with a diameter 4 <R, ;.. In reality,
this type of confinement is usually realized as a rectangular
channel with its height (4) and width (d) smaller than
R pun- Surface confinement is defined when a polymer is
limited to move in a plane. Fig. 1 illustrates these three
types of confinement, the relevant theories, and represen-
tative fluorescence images of confined A-DNA. From the
fluorescence images in Fig. 1 one can get a feel for the
striking conformational changes induced by confinement.

Other types of confinements also exist in addition to
those mentioned above. For example, it is possible to con-
fined a chain from all three dimensions to form a box-like
confinement (Sakaue and Raphael, 2006). A polymer pass-
ing through a point-like pore can be considered as a slip-
link type confinement (Kasianowicz et al., 1996; Lubensky
and Nelson, 1999). Some studies actually involved these
two types of confinements (Nykypanchuk et al., 2002;
2005), and such combination is common in many bio-

Types of Models for a Representative
confinement confined polymer images of A-DNA
Buik or weak Flory theory
confinement Rg<h,d

Slit-like Blob theory
confinement p<h<Rg<d
Blob theory a

Tube-like p<h(andd) <Rg
confinement A ] )

7 Deflection chain
w h@ndd)<p
” V Polymer in 2D b

Surface * olymerin L ¢

confinement h~0 S 4
Rg <d —_—

Fig. 1. lllustrations and theoretical models for different types of confinement, and representative fluorescence images of A-DNA in cor-
responding confinement. 4 and d are the height (or diameter) and the width of the confinement. p is the persistence length of
DNA molecule. The scale bars in fluorescence images are (from top to bottom) 1, 1, 10, 10 pm, respectively. a. Reprinted with
permission from Reisner ef al. Phys. Rev. Lett., Copyright 2005 American Physical Society; b. Reprinted with permission from
Maier and Ridler Phys. Rev. Lett., Copyright 1999 American Physical Society.
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logical processes in cells. While they are interesting and
important, in this article we limit our scope to the con-
finements listed in Fig. 1 because of their similarity from
the viewpoint of resulting effects on DNA/linear poly-
electrolytes.

3. Theories

We summarize two theories that were proposed to
describe confined chain behavior: de Gennes’ blob theory
{de Gennes, 1976, Brochard, 1977; Brochard and de
Gennes, 1977, Daoud and de Gennes, 1977) for p<<
min{h,d} <<R, and Odijk’s deflection chain theory (Odijk,
1983) for h,d<<p. Blob theory can be applied to both slit-
like and tube-like confinements, while the original deflec-
tion chain mode! is limited to tube-like confinement (see
Fig. 1). The two theories predict very different scalings for
confined DNA conformation and dynamics. Further, the
transition between the two regimes is still not well under-
stood.

3.1. Blob theory

The concept of the “blob” was proposed by de Gennes to
facilitate the understanding of concentrated polymer solu-
tions and melts, and later extended to describe polymers in
confinement due to the similarity between these problems.
The blob theory for a confined polymer with excluded vol-
ume can be condensed to the following arguments. (1) The
chain can be thought of as a string of blobs with each blob
having a diameter /4. Chain segments in blobs are not
aware of the presence of the confinement and follow a 3D
self-avoiding walk (SAW). (2) The blobs follow a 2D
SAW in slit-like confinement and a 1D SAW in tube-like
confinement. (3) Hydrodynamic interactions are screened
at a length scale of h and therefore hydrodynamic inter-
actions between blobs are negligible. (4) Chain segments
within blobs interact hydrodynamically and therefore each
blob can be considered non-draining.

The arguments (1) and (2) define the polymer confor-
mation in confinement, and can also be obtained using
Flory’s variational approach. The arguments (3) and (4)
provide principles for estimating the drag coefficient and
therefore the dynamic properties of a confined chain. To
reach the scaling predictions given by blob theory for a
confined DNA, we first consider the equilibrium size
(R of an unconfined, semiflexible polymer in a good
solvent. From Flory theory (Rubinstein and Colby, 2003),

12 3 3 1

Rui~ 0N~ L (pw)* (1)

where N is the total number of statistical segments in a
DNA, p the persistence length of a semiflexible chain (rep-
resenting the local stiffness of the chain), w the effective
diameter of the polymer, vrwp® the excluded volume (EV)
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of a statistical segment, and L=2pN the contour length.
The Kuhn length & is twice the persistence length. Fol-
lowing the argument (l)sancli E4q. (1), a blob with a diameter

equal to /# contains g~h‘:’w *p’ segments, and a chain con-
sists of N,=N/g blobs. The scalings of the nominal sizes of
confined chains in a slit {R;) and in a tube (R,4.) can be
obtained using the argument {(2):
331
Ru~hNy~L'h *(pw)’ (2)
2 1

Ryupe~hNy~Lh (pw)’ 3)

The scalings have been tested by Monte Carlo simula-
tions (Wall ef al., 1978; Milchev and Binder, 1996). The
drag coefficient of a confined chain £, can be estimated
using the arguments (3) and (4):

2 1

;’clmin“ ??hNb'V 77Lh K(PW)S . (4)

Here 7 is the solvent viscosity. Having .. the longest
relaxation time 7, and the diffusivity D can be subse-
quently derived. For a polymer in a slit-like confinement,

2 1
kT . 3 -3
Dy~ =~ 'L 'K (pw) * (5)
“ehuain
51 5
fi,sli/~Rfli1/Dslit~ ’?Lzh G(PW)G (6)

For DNA in tube-like confinement (Brochard and de
Gennes, 1977; Tegenfeldt er al., 2004a),

2 1

Dope~1 'L B pw) )

RTINS

1
ri‘tuhe'VRtuheh(thube’” 77[‘2}} 3(}”‘") . (8)

Note that the predicted scalings of DNA diffusivity in slit
and tube confinements are the same, but the prefactors will
be different. For a rectangular channel as a tube-like con-
finement, the effective tube diameter /4, is usually taken as
the geometric average of the channel depth and height
(Reisner et al., 2005).

We remark that de Gennes’ original derivation dealt with
a flexible chain in a good solvent where v~b’ because
b=w for flexible polymers (Rubinstein and Colby, 2003).
Replacing pw terms with b recovers de Gennes’ original
predictions. In addition to the above scaling arguments,
Harden and Doi (1992) have provided a deterministic pre-
diction of the diffusivity of a polymer confined in a tube.
The boundary-mediated hydrodynamic interactions were
considered in their calculation. For polymers in a good sol-
vent, they predicted D~N"'1""", depending less strongly
on /4 than predicted in Eq. (7).

Studies of Jendrejack ef al. (2003a; 2003b) using Brown-
ian dynamics simulations with boundary-mediated hydro-
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dynamic interactions, estimated by finite-element methods,
found R~h >, ~h™", and D~h"” for DNA confined in a
square channel. The former two scalings are the same as
blob theory predictions, while the latter one is closer to the
prediction of Harden and Doi. Similar simulations of Chen
et al. (2004) for confined DNA in a slit yielded R~# " and
D~HK", the same as blob theory predictions. The same
scaling for D was also found by Usta er al. (2005) using
the Lattice Boltzmann method.

3.2. Deflection chain theory

Although the condition of p<<, 4 is almost always true
for flexible polymers, it can be violated when semiflexible
polymers with long orientational memory are confined.
Odijk (1983) addressed this issue by considering a semi-
flexible chain placed in a tube-like pore. For an unconfined
semiflexible chain, the mean-square average deviation
from its starting end has been well known as <g’(s)>=2s"/
3p. Here s is the arc length position along the contour. If
this chain is placed at the center of a tube-like confinement
with diameter A <<p, it will hit the wall at e(A)~#/2 and
must change the direction. Odijk defined this new length
scale xz(th)]/3 as the deflection length. Since A <<p, the
semiflexible chain segment of a length A can be thought as
a rigid rod, and the whole chain can be considered as a link
of L/A rigid rods deected by the boundary along the tube
(see Fig. 1). The extension of the chain can be estimated:

Rouss = Leosp=L[1 ~(W/0)] = L[1 —ao(@m} 9)

where ¢ is the angle between a deflection segment and the
tube wall (see Fig. 1) and «, is a proportionality constant
that has recently been evaluated to be 0.1701£0.0001
(Burkhardt, 1995; Yang et al., 2007). In a squarefrectan-
gular channel with height 4 and width ¢ both smaller than
p, Burkhardt (1997) showed that DNA extension can be
described as:

Rouj= L[l —ag [(§)2/3+ @mﬂ : (10)

The constant o has been evaluated by different app-
roaches (Ubbink and Odijk, 1999; Yang er al., 2007), and
the most accurate value available is 0.09137x0.00007
(Yang et al., 2007). With the known prefactors, Egs. (9)
and (10) are able to give exact predictions of DNA exten-
sion, while blob theory only yields scaling predictions.

The hydrodynamic drag acting on this deflection chain
can be estimated to be {~2znl/log(h/d,)(Reisner et al.,
2005; Batchelor, 1967) with d,, as the hydrodynamic diam-
eter of the chain. This expression represents the drag coef-
ficient of a rod with hydrodynamic interactions screened at
the length scale h. Neglecting the weak dependence from
log(h/d,) term, the drag coefficient of the chain (.~ 7L,
and the diffusivity is:

130

D~ g (11

The relaxation time of the chain is proportional to the
ratio of the chain drag coefficient to its spring constant.

Given that the free energy of the chain is FGd,.jkszT]i , one

finds the spring constant of a deflection chain to be kg =

O Fouk 11, . .
ﬁd‘zL 'n’p . Therefore, the predicted scaling of relax-
Odijk

ation time is (Reisner et al., 2005):
Todik = ]{L ~ 7?L2h2P~1 . (12)
Odijk

Note that the excluded volume (or w) which plays a
dominant rule in blob theory does not appear here because
it is essentially irrelevant at the length scale of A <<p.

3.3. Polymer in 2D

The configuration of a self-avoiding polymer chain in 2-
dimensions has been predicted by Flory theory (Des
Cloizeaux and Jannink, 1990; Maier and Radler, 2000):

113 13
R29~V;DP2NA~P4L4- (13)

where v,,~p° is the excluded area of a statistical segment.
The Flory exponent in 2D (=3/4) turns out exactly the
same as obtained using renormalization theory (Des
Cloizeaux and Jannink, 1990). To estimate the diffusivity
of a chain in a liquid sheet with hydrodynamic interactions,
one immediately faces Stokes Paradox (Maier and Rédler,
1999; Leal, 1992). However, confining polymers in 2D can
only be achieved in reality by absorbing them on a solid
substrate or a lipid membrane. Under such conditions,
hydrodynamic interactions are screened and the confined
polymers are expected to be Rouse-like (Maier and Rédler,
1999). Consequently, the scalings of diffusivity and relax-
ation time can be obtained:

Dyp~L" (14)
15

TzaNRinszp“‘PiLz . (15)
4. Experimental techniques

4.1. DNA visualization and general experimental
setup

The majority of single-molecule experiments employ flu-
orescence microscopy and enhanced CCD cameras to cap-
ture real-time images of stained DNA. Atomic Force
Microscopy (AFM) has also been used in a few studies
(Rivetti et al., 1996). Commonly used DNA include A-
DNA (485kbp, L=163um, R,~0.7 um), T4-DNA
(165.6 kbp, L=55.6 pm, R, ,,,~1.5 pm ), A-DNA concate-
mers, and restriction enzyme digested A-DNA fragments.
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DNA are usually stained with intercalating dyes YOYO-1
and TOTO-1 at a base pair to dye ratio ranging from 4 to
10. This intercalation distorts the local DNA structure, and
affects DNA contour length and persistence length (p=~
50 nm for unstained DNA at standard buffer concentra-
tions). For stained A-DNA at a base pair to dye ratio of
4:1, the contour length increases from 16.3 um to 21~
22 um (Perkins et al., 1995), representing a 29% to 35%
increase. However, a careful measurement to determine the
influence of dye to DNA persistence length is still lacking.

The experiments were typically performed in a buffer of
Tris-EDTA (TE) or Tris-Borate-EDTA (TBE) with pH
around 8 to keep DNA properties constant. To prolong the
observation time, 0.5 to 4% (v/v) of beta-mercaptoethanol
(BME) is typically included in buffers to remove free rad-
icals. In addition to BME, an oxygen scavenger system
consisting of glucose oxidase, glucose, and catalase is usu-
ally used in studies investigating the dynamics of DNA to
further extend the observation time. The benefits brought
by these agents are obvious, while the side effects are not
fully appreciated. We remark that BME is a weak acid
(pKa= 9.6), and the oxygen scavenger system produces
gluconic acid (pKa=3.6) as a final product. Both lower the
system pH and increase system ionic strength, but the later
will lead to an accumulated change with time. Both effects
are negligible at moderate buffer concentrations and in typ-
ical time course of experiments, but they can have sig-
nificant influence in low concentration buffers such as
those more dilute than 0.05 x TBE or 0.2 x TE (Hsieh et al.,
2008).

In many experiments where DNA are driven electroki-
netically, it is necessary to treat the channel surface to min-
imize electroosmotic flow. A commonly used method is
dynamic coating with POP-6 (a low molecular weight
poly-dimethylacrylamide, a trademark of Applied Biosys~
tems) or low molecular weight poly (n-vinylpyrrolidone)
(PVP). Such polar molecules are proposed to absorb on the
surface of devices and increase the local viscosity to reduce
electroosmotic flow.

Given the R, .. 0of commonly used DNA is around 1 pm,
nanoscale devices are often the only choice to serve as the
confinement. These devices are typically made by fused
silica/Pyrex glass bonded to fused silica/Pyrex/silicon.
PDMS has also been successfully used to create nanoscale
channels (Jo et al., 2007; Huh et al., 2007), though care
must be taken to quench the permeation driven flow (Ran-
dall and Doyle, 2005b). Thorough reviews of various fab-
rication process and design considerations can be found
elsewhere in Tegenfeldt et a/. (2004b) and Douville et al.
(2008). Fig. 2(a) and 2(b) show typical structures of nano-
channels providing tube-like and slit-like confinement.

4.2. Transport coefficient analysis
Most experimental studies have investigated confined
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DNA dynamics at equilibrium, and therefore experimental
analysis has focused on extracting DNA diffusivity, relax-
ation time, and equilibrium size from time-sequence
images. To summarize how this is done, we first give a
tutorial for analyzing images of confined DNA in slit-like
or surface confinement, and briefly address what needs to
be changed for chains confined in tube-like confinement.

We define the total fluorescent intensity (/) and the cen-
ter of the mass vector (r,,,) of a DNA molecule in an image
taken at time ¢ as:

15KV X55000  100nm

Y Displacement (um)

0.0 1.0 20 3.0
Lagtime (s}

(e) ) o

001 b P A
00 05 10 15 20 25

lag time, 5t

Fig. 2, Examples of nanofabricated devices and experimental
analysis. Shown in (a) and (b) are images of nanochannels
and nanoslits, respectively. (c¢) Center of mass trajectories
for 28 2A-DNA in a 545nm tall nanoslit. (d) A rep-
resentative plot of mean-squared displacement of the cen-
ter of mass of DNA as a function of lagtime. (e)
[llustration of the center of the mass, the orientation, and
the extension of a DNA. (f) A representative plot of an
ensemble-averaged time autocorrelation functions of
DNA confined in nanoslits. The solid line represents
experimental results, and the dashed line is a single expo-
nential fit to extract the longest relaxation time. a.
Reprinted with permission from Tegenfeldt er al. Proc.
Natl. Acad. Sci., Copyright 2004 National Academy of
Sciences, U.S.A. c. and d. Reprinted with permission
from Balducci et al. Macromol., Copyright 2006 Amer-
ican Chemical Society. f. Reprinted with permission from
Hsieh er al. Macromol., Copyright 2007 American Chem-
ical Society.
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10(’) = Z]mn(t) (16)
_ 1
Fem 1) = 0 mz Py, (1) (17)

where 1, is the fluorescent intensity of the pixel [m,n], and
i and j represent x or y directions that are perpendicular to
the smallest dimension of the slit (z direction). Given the
trajectory of r,, the in-plane diffusivity (D) can be
obtained from the mean-square-displacement (MSD)(Savin
and Doyle, 2005):

MSD = ({7 1 (D)= o (1~ 1)}

(18)
F {F (O T (1=} = 4D

where [ ] denotes the ensemble average, and ¢ is the lag
time. Figs. 2(c) and 2(d) show a collection of DNA center
of mass trajectories and a representative plot of MSD vs
lag time, respectively.

To obtain more information from DNA images, we
define the radius of gyration tensor (G):

L _
Gy = ]O(t)gn(rmn,i(t) Femi(1)) 19
(rmn,j(t)_rcm,j(t))lmn(t) .

G carries information of the instantaneous size, shape
and orientation of the DNA. The radius of gyration (R,) is
the square root of the trace of G. The eigenvectors of G
represent the principle and minor axes that describe the
temporal orientation of the DNA. More importantly, the
longest relaxation time of the DNA can be extracted from
the rate of the change of DNA orientation (Maier and
Rédler, 1999, 2000). We first calculate the angle between
the principle eigenvector and the x-axis (6(¢), see Fig. 2(e)):

X(t)'Gxx(t) T T
W, 5> 9(1)>—§ (20)

where A(7) is the eigenvalue associated with the principle
eigenvector. The time autocorrelation function of 6(f) is
defined by (Maier and Rédler, 2000):

(CORDCERIRD)
(A~ 6

&ty =arctan

C.(o1) ~exp((-d)/7) 21)
for 6t> 1
where &, is the equilibrium average of 6(¢), and should be
zero. The longest relaxation times of DNA (7) can be
extracted from a single exponential fit to the decay of the
rotational autocorrelation function (see Fig. 2(f)). Simi-
larly, we can also define the stretch autocorrelation func-
tion (C,(6%)) by replacing 8 in Eq. (21) with DNA stretch
(X, see Fig. 2(e)) or R,. For DNA confined in tube-like
confinement, the relaxation time is typically obtained from
the stretch autocorrelation function (Reisner et al., 2005).

132

The relaxation time of DNA can also be estimated from
the rate of relaxation of a strongly perturbed chain. This is
done by prestretching a chain by means of either flow or
electric field and then stopping the flow to observe the
relaxation of the chain. This method has been used in many
studies investigating DNA behavior in bulk (Perkins ef al.,
1994; Balducci et al., 2007). The relaxation time is
extracted from:

(Xo=Xie o) = Aexp(—t/1)) . (22)

where X, is the equilibrium value of X,,, and A is a free
parameter. We refer to this method as relaxation-after-
stretching in future sections.

5. Progress in experiments

5.1. DNA in slit-like confinement

The first observation of DNA dynamics slowing down in
confinement was reported by Bakajin et al. (1998). In this
pioneering study, T4-DNA were hooked on obstacles and
stretched electrophoretically in glass slits with heights of
5 um, 300 nm and 90 nm. Their relaxation was monitored
after DNA disengaged from the obstacles, and was found
to be slower in shallower channels. The study was also the
first experiment to show that hydrodynamic interactions
were totally screened for DNA in a 90 nm nanoslit.

Randall and Doyle (2005b; 2006) and Randall (2006)
reported relaxation times of A-, 2A- and T4-DNA in 2 ym
high slits. The relaxation time of confined T4-DNA (with
bulk radius of gyration of approximately 1.5 pm) was
found to be almost doubled relative to its bulk value.

Balducci er al. (2006) and Chen ef al. (2004) measured
the diffusivity of confined DNA in slit-like channels over
a wide range of conditions 0.3 <R, ,./h<15 (see Fig. 3(a)
for the collection of their data on a normalized scale). They
found that DNA diffusivity varies inversely with molecular
weight for R,,,x/h> 1. The results were in agreement with
the blob theory prediction and suggested complete screen-
ing of hydrodynamic interactions between blobs. Balducci
et al. (2006) also provided a scaling analysis to explain
why the algebraic decay of the far-field hydrodynamic
interaction is sufficient to eliminate large-length scale
hydrodynamic cooperativity in the dynamics of quasi-two-
dimensional polymers in good solvents. The scaling of
DNA diffusivity with channel height was also investigated
in detail. The dependence of DNA diffusivity was weaker
than the blob theory prediction. Although the height of the
smallest slit (70 nm) is very close to the persistence length
of DNA, no drastic change of DNA behavior was
observed.

Hsieh er al. (2007) systematically investigated DNA dif-
fusivity and relaxation time as a function of molecular
weight and degree of confinement. The length of DNA
ranged from 22.5kbp to 186 kbp, and the slit height
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Fig. 3. Data for DNA confined in a slit (a) Diffusivity for various
DNA molecules and channel heights plotied on normal-
ized axes. Diffusivity is normalized by the bulk diffu-
sivity, and the channel height by the bulk radius of
gyration of the DNA. Filled symbols and open circles are
experimental data from Balducci ef al. (2006) and Chen et
al. (2004), respectively. The x are results from simula-
tions of Chen et al. (2004). (b) Collection of DNA relax-
ation times measured in recent studies. The open squares
{\_J) are those of Hsieh er gl (2007) measured from the
rotational autocorrelation. The filled symbols represent
the relaxation time obtained using relaxation-after-stretch-
ing. The circles (@) are from Randall and Doyle (2005a;
2006) and Randall (2006), the squares (H) are from
Bakajin er al. (1998) and Hsieh er al. (2007), and the tri-
angles (¥ (5) and A (7)) are from Balducci er af. (2007).
The solid line is an empirical fit from Hsieh et a/. (2007)
with slope 0.92. Reproduced with permission from Bal-
ducci et al. Phys. Rev. Lett., Copyright 2007 American
Physical Society.

0.97 £ 0.03

spanned from 92 nm to 760 nm. It was found D~N"~
h—DASﬂrOI\B and e NN2.45i0404h~0.92i0.08’ in partla] agreemeﬂt
with the prediction of blob theory. A cross-examination of
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experimental results revealed that the origin of the dis-
crepancy is the partial draining nature of “blobs”, which
leads to a weaker dependence of ¢, on 4. However, the
relaxation time measured in this study using the rotational
auto-correlation function was much higher than those
inferred from the data of Bakajin er al. measured using the
method of relaxation-after-stretching.

This mystery was resolved by Balducci ef al. (2007) who
studied the relaxation of initially stretched DNA in the lin-
ear force-extension regime. Unlike a chain in bulk solu-
tions, a confined chain was found to have two distinct slow
relaxation regimes governed by different relaxation times.
The crossover extension between the two regimes was
found to be in quantitative agreement with the extension of
a blob chain with all blobs aligned with the original
stretched direction of DNA. 7 and 7; denote the time con-
stants controlling the rate of relaxation above and below
the crossover extension. Only 7 agreed with those
reported by Hsieh ef al. (2007), while 7 and the DNA
relaxation times from Bakajin ez al. {1998) seemed to fol-
low another distinct scaling.

Lin er al. (2007) performed experiments and analysis
very similar to those of Hsieh e al. in nanoslits with
h=110nm, and reported R,~N"® D~N"'%*% and
z.~N*%. Although the scalings reported are close to those
found by Hsieh ef ol (2007), the absolute values of DNA
relaxation time in the similar size of nanoslits are very dif-
ferent. The cause of this discrepancy is yet to be deter-
mined, but may be due to artifacts produced by DNA
photobleaching.

The confined DNA relaxation times reported (and
inferred) in the above studies are summarized in Fig. 3(b)
and presented as a masterplot of /7 4, versus degree of
confinement R,/ The bulk relaxation time 7 ., and the
radius of gyration R,,; are estimated using 7 uu=
0.172(M/Mpy)* sec, and R pu=0.7(MIM.pys)* pm.

Recently, Krishnan ef al. (2007) reported that DNA was
spontaneously localized and extended along the side walls
of silicon/Pyrex nanoslits with #<100 nm. The relative
extension of DNA was fairly independent of h, but was
sensitive to the ionic environment (nearly 100% extension
at low ionic strength condition). They argued that this phe-
nomenon may be caused by the high curvature at the side
walls and did not provide a physical model to further sup-
port the argument. Since this is not a universal phenom-
enon observed in other experiments under similar condi-
tions, the observation might be due to the specific exper-
imental condition and surface treatment of Krishnan ef al.
(2007).

5.2. DNA in tube-like confinement

Guo ef al. (2004) first quantitatively reported that DNA
were naturally extended in nanochannels at equilibrium.
Although they showed that DNA extension increases with
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the decreasing channel size, no comparison was made with
existing theories. The study of Tegenfeldt ef al. (2004a)
systemically investigated the extension of confined A-DNA
concatemers in 100 nm x 200 nm nanochannels, and show-
ed that DNA extension scales linearly with its contour
length, in agreement with the prediction of blob theory.

Reisner et al. (2005) measured A-DNA extension and
relaxation time in nanochannels with dimensions ranging
from 440 nm x 440 nm to 30 nm x40 nm. Their results are
shown in Fig. 4. The relaxation time was determined from
the stretch autocorrelation function. A distinct change in
scalings of DNA extension and relaxation time vs channel
height were observed around 4~100 nm, or about 2 times
the DNA persistence length. For £#<100 nm, the experi-
mental scalings of DNA extension and relaxation times on
channel height were found to be in good agreement with
Odijk’s predictions (Ubbink and Odijk, 1999). However, for
h<100 nm it was found R, ~# "*"% and 7~ H 9%
somewhat deviating from the blob theory predictions of
R~h**(Eq. 3) and 7~k ""(Eq. 8). Although the deviation
is small, it might imply more serious problem because the
measured 7, showed a stronger # dependence than pre-
dicted. This is different from that found in nanoslits where
7, depends more weakly on % than predicted due to a
stronger screening of hydrodynamic interactions than
assumed by blob theory. However, without other infor-
mation such as DNA diffusivity, it is impossible to draw
more firm conclusions.

In the study of entropic recoil of DNA, Mannion et al.
(2006) reported a single data T4 DNA relaxation time in a
100 nm +90 nm nanochannel to be about 4.7 sec. Since it
was obtained using the relaxation-after-stretching method,
it is likely to be analogous to the 7 found by Balducci ef
al. (2007) for DNA confined in a nanoslit.

>

5.3. DNA confined on a surface

Rivetti et al. (1996) used AFM to investigate confor-
mation of DNA deposited on mica with different surface
treatment. DNA can be either dynamically absorbed or
kinetically trapped on the surface. The former will adopt
the conformation of a 2D polymer and can diuse and relax,
but the latter was fixed on the surface as a projection of the
polymer conformation in 3D. The conformation of fully
equilibrated DNA with L<917 nm (2712 bp) followed the
prediction of a 2D worm-like chain model, while the
excluded volume effect becomes important for longer
DNA.

Maier and Ridler in a series of three articles (Maier and
Radler, 1999; 2000; 2001) investigated in detail the confor-
mation and dynamics of DNA confined on the surface of a
cationic lipid bilayer. They reported D~N ***%¢ (for DNA
with 40 to 48500 bp) and R,~N""***(for DNA with 6141
to 48500 bp). The former suggested a full screening of
hydrodynamic interactions, and the latter manifests a self-
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avoiding walk of DNA in 2D. Consistent with these find-
ings, it was also found 7 ~N*****, The anisotropy of DNA,
characterized by the eigenvalues of the radius of gyration
tensor, were in excellent agreement with Monte Carlo sim-
ulation predictions. The drastic change of DNA properties
from 3D to 2D is vividly illustrated by the representative
images of A-DNA in Fig. 1 where both DNA size and
anisotropy were shown to greatly increase.

5.4. Ionic effects on confined DNA

Ionic environment has been known to have strong influ-
ence on biomolecule properties and can be readily manip-
ulated in experiments. However, the combined effects of
confinement and ionic environment on polyelectrolytes,
critical for many applications, are yet to be fully under-
stood.

For polyelectrolytes, Coulomb interactions introduce a
new length scale (Debye screening length, k™) to the mol-
ecule, and give rise to both local and non-local effects
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Fig. 4. DNA confined in a tube-like geometry. (a) Normalized A-
DNA extension and (b) the longest relaxation time as a
function of D,, the geometric average of the channel
depth and height. The bold lines are best power-law fits.
The dashed lines are the fits to the Odijk prediction.
Reprinted with permission from Reisner et al. Phys. Rev.
Lett., Copyright 2005 American Physical Society.
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(Odijk and Houwaart, 1978). The former results in an
increase of chain stiffness, and the latter resembles an
excluded volume between chain segments. A polyelectrolyte
can be considered as a neutral polymer with its p and w
having an electrostatic contribution depending on ionic
environment (Odijk and Houwaart, 1978; Fixman and
Skolnick, 1978). This concept has been adopted in recent
studies to explain the ionic effects on confined DNA (Jo ef
al., 2007; Reisner et al., 2007; Hsieh er al., 2008).

To use the above approach, it is necessary to understand
the ionic effects on p and w. A theoretical prediction of the
electrostatically mediated effective diameter of DNA has
been given by Stigter (1977). He estimated w of DNA mol-
ecules by matching the second virial coefficient of a dilute
solution containing charged rods with finite ionic strength
to that of the same solution containing neutral rods with a
known diameter. The estimated effective diameter of DNA
is a function of the line charge, the intrinsic diameter and
ionic strength, and was calculated numerically by Poisson-
Boltzmann equation. The prediction of w has been shown
adequate to quantitatively describe DNA conformational
properties (Shaw and Wang, 1993; Rybenkov ef al., 1993;
Vologodskii and Cozzarelli, 1995).

On the other hand, the ionic effects on DNA persistence
length is still an issue under debate (Dobrynin and Rubin-
stein, 20053). The most well known prediction of DNA per-
sistence length at different ionic strength (/) was given by
theory of Odijk (1977), and Skolnick and Fixman (1977)
(OSF):

0.0324M
P=PotPa=pot=—F——nm (23)

where p, is the intrinsic persistence length and p, is the
electrostatic persistence length. The most significant pre-
diction of OSF theory was p,;~« . Baumann et al. (1997)
has shown experimentally that the measured electrostatic
persistence length agrees with the OSF prediction.

However, OSF theory has been challenged by several
experimental studies that reported p,,~i ' for semiflexible
polymers (including DNA). Recently, Dobrynin and Ru-
binstein 2005; 2005 pointed out that OSF theory was incor-
rect because the torsional angle between successive bonds
was implicitly fixed in the derivation. If this constraint is
removed, p.,~«~' is obtained. Dobrynin (2006) provided an
empirical formula of the electrostatic persistence length of
DNA:

1.9195Mnm (4)

P=potpa=46.1+

Although the persistence lengths given by OSF theory
and the empirical fitting follow distinct scalings at very
low ionic strength, they are similar and depend very
weakly on [ for 7>1 mM. On the other hand, the effective
diameter of DNA depends strongly on / even at /~0.5M.
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Therefore, it is expected that the ionic effects on DNA will
be dominated by the change in the effective diameter for
0.5M>] >1 mM.

Jo et al. (2007) and Reisner et al. (2007) investigated the
ionic effects on DNA extension in tube-like confinement.
The former was performed in 100 nm x 1000 nm PDMS
channels with buffers successively diluted from 1xTE
(reported /=8.4 mM). The ionic strength was assumed to
be inversely proportional to the degree of dilution. The rel-
ative extension of T4 and A-DNA was very close to each
other and increased with decreasing TE buffer concentra-
tion, and seemed to approach a plateau of 60% extension
for /<0.05xTE. The prediction of Eq. (10) with p eval-
uated using Eq. (23) was compared with the data, implying
that the chain was in Odijk’s deflection chain regime. The
predicted DNA extension agreed well with the measured
for 1>0.05 x TE, but was overestimated at lower /. It is sur-
prising that DNA extends more than 50% at /=0.4mM (or
p=131 nm using Eq. (23)) because the channel width
(1000 nm) is much larger than the persistence length. How-
ever, Jo et al. (2007) argued that such an unexpected high
extension of DNA is because an entropic penalty prevents
DNA to form “hairpins” (Odijk, 2006).

In the study of Reisner ef al. (2007), ionic effects on A-
DNA extension were studied in near-square glass nano-
channels with dimensions of roughly 50 nm, 100 nm, and
200 nm. The ionic strength was tuned in the range of 4 mM
to 300 mM by varying TBE buffer concentration. They
found in all three sizes of nanochannels that DNA
extended more with lower ionic strength. Moreover, the
degree of change of DNA extension were in good agree-
ment with predicted scaling given by Eq. (3) with p and w
described by OSF theory (Eq. (23)) and Stigter’s estima-
tion (Stigter, 1977). We note that although their own earlier
study (Reisner et al., 2005) showed a moderate deviation
between blob theory and measured DNA extension, Eq. (3)
with predicted exponents was used without modication.
Most surprisingly, the prediction given by deflection chain
theory that was employed by Jo ef al. (2007) was not even
qualitatively similar to the trend observed in this study.

A very recent work of Zhang er al. (2008) reported
extension of T4-DNA confined in rectangular PDMS chan-
nels with a depth of 300 nm and a width in the range from
150 to 300 nm. The buffer ionic strength was varied
between 35 mM and 0.3 mM. The increase of DNA exten-
sion with decreasing / was again explained by blob theory.
However, the authors have estimated the excluded volume
parameter z of a blob (Yamakawa, 1967) and found that z
is too srlna}l for a blob to follow the long chain scaling of

g~h'w’p’. As a result, the authors chose to use a per-
turbation expansion to estimate the coil swelling factor of
a blob (Yamakawa, 1967) and therefore N, in a chain. In
the calculation of z, p and w were also estimated by OSF
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Fig. 5. A-DNA (a) diffusivity, (b) relaxation time, and (c) size as
functions of ionic strength. Egs. (5), (6) and (2) are fit to
DNA diffusivity, relaxation time and size, respectively.
The solid, dashed and dashed-dotted curves are the fit-
tings with p described as a constant, by Eq. (23), and by
Eq. (24), respectively. w is estimated using Stigter’s pre-
diction (Stigter, 1977) for all fittings. Only the four data
points at highest ionic strength were used in the fittings so
that the relatively weak contribution to DNA properties
from the change of p can be distinguished at the lowest
ionic strength. The insets in (a) and (b): The measured dif-
fusivity and longest relaxation time before (open symbols)
and after (filled symbols) viscosity adjustment. A scaled
diffusivity D'= (Dn/n,.,) and a scaled relaxation time
T\ =(n /1) were defined to remove viscosity effects
from the data. The reference viscosity (7. is taken to be
1 ¢p. Reprinted with permission from Hsieh et al. (2008)
Nano Lett., Copyright 2008 American Chemical Society.
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theory (Eq. (23)) and Stigter’s estimation (Stigter, 1977). It
was concluded that the elongation of the DNA molecules
with decreasing ionic strength is mainly caused by the
increase of the persistence length while the excluded vol-
ume effect plays a very minor role due to the relatively
small number of statistical segments within each blob.

The above experiments were performed in a regime
where p~#, and as a result it can be confusing whether
blob theory or deflection chain theory or neither is appro-
priate to describe DNA behavior. Furthermore, only DNA
conformation was investigated but ionic effects on DNA
dynamics is yet to be studied. To address these issues,
Hsieh et al. (2008) chose to perform experiments to exam-
ine the ionic effects on A-DNA in 450 nm high glass
nanoslits. The diffusivity, relaxation time and conformation
were measured at /=1.7-170 mM. In this study, the ionic
contribution of each added chemicals were carefully eval-
uated, and oxygen was blocked from the experimental plat-
form to reach a more stringent control of system ionic
strength. Fig. 5 shows a good agreement between exper-
imental results and the proportionality fittings to the blob
theory prediction with an electrostatically mediated effec-
tive width and persistence length. Although it was not clear
whether Eq. (23) or Eq. (24) is more accurate from the
experimental results, it did suggest that the effective diam-
eter of DNA, representing the electrostatic repulsion
between remote DNA segments, is the main driving force
for the observed change in DNA properties at these phys-
iological ionic strengths.

To finish this section we remark that the interplay
between the ionic environment and the negatively charged
glass channel can induce additional effects on DNA. For
example, as a channel becomes smaller or ionic strength
becomes lower so that hx~O(1), one will expect a reduc-
tion in the effective dimension of the confinement due to
the co-ion depletion near the boundary. Also at the same
limit, electroneutrality will lead to an enrichment of the
countetions in nanochannels, and charge regulation could
occur on the surfaces of DNA and the channel (Israelach-
vili, 1991). These phenomena can cause opposite effects on
DNA behavior, and can be difficult to isolate.

5.5. Confinement-induced entropic recoil force
Recently, Craighead and coworkers electrophoretically
drove DNA from a microchannel into a nanochannel and
observed that DNA recoils (retreat) if it is only partially
inserted into the nanochannel (Cabodi et al., 2002; Turner
et al., 2002; Craighead, 2006; Mannion et al., 2006). This
recoil process is driven by the entropy difference between
DNA segments inside and outside of confinement, which
is qualitatively different from the entropic elastic force that
causes a stretched chain to relax. The latter is driven by the
entropic difference of DNA between a stretched state and
equilibrium. Fig. 6 illustrates the different outcomes when
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these two entropic forces acting on confined DNA. The
relaxation of a stretched DNA is fastest in the beginning
and becomes slower when DNA approaches equilibrium
due to the depletion of the entropy difference (see Fig. 6(a)
and (b)). On the contrary, the DNA recoil speeds up over
time because entropic recoil force is constant while the
drag acting on confined DNA is diminishing (see Fig. 6(a)
and (c)). The DNA extension during the relaxation and
recoil processes can be described as (Turner ef af., 2002;
Mannion et al., 2006):

1) = I+ e~ lpexp((-0)/7) (25)
() = J-(7p)t-1) . (26)

where /(1) is the length of a stretched chain in confinement,
ly is the equilibrium length of the chain when it is fully
confined, /;; is the initial length of DNA before relaxation,
is the relaxation time, /;(¢) is the length of a partially con-
fined chain, f'is the entropic recoil force, p is the drag per
unit [;{1), and ¢, is the time when the recoil process ends.
Note that Eq. (25) is a variation of Eq. (22). Although both
formulas can describe the relaxation of a stretched chain,
the relaxation time obtained from the former will be about
two times of that from the latter. If DNA is partially stuck
at the entrance of a nanochannel while the part in the
nanochannel is stretched, a combined relaxation and recoil
process can happen when the electric field that drives DNA
stops (see Fig. 6(a) and {d)). The length of such a chain can
be described by (Mannion ef al., 2006):
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By fitting the DNA extension during recoil to Eq. (26),
one can obtain the value of f/p. Using p inferred from elec-
trophoretic mobility of confined DNA, Craighead and
coworkers (Turner ef al., 2002; Mannion et al., 2006) esti-
mated the entropic recoil force f and found that it was at
the same order of magnitude as that inferred from relevant
theories (Mannion ef al., 2006).

5.6. Confined DNA in pressure-driven flow

The behavior of confined DNA in pressure-driven flow
has been studied by Stein ef al. (2006) in slit-like channels
with #=175 nm to 3.8 pm. For weakly confined DNA with
R,/h<0.3, the pressure-driven mobility was found to
increase with molecular weight due to the mechanism of
hydrodynamic chromatography-larger DNA are sterically
confined to the center of the slit and on average sample a
faster velocity. On the other hand, the mobility of strongly
confined chains (R,/#>1) became independent of molec-
ular weight due to a constant segment distribution profile
over the channel height, regardless of the size of DNA. The
Taylor dispersion of DNA molecules was highly sup-
pressed in confined channels and decayed with decreasing
channel height and increasing molecular length.

Another unique phenomenon (Stein ef af., 2006; Larson
et al., 2006) of confined DNA in pressure-driven flow is
that DNA were not deformed even at high Weissenberg
number (Wi) defined by Wi=ry. Here y is the velocity
gradient in the smallest dimension of the geometry. In bulk,
DNA starts to extend at Wi>1. The reason behind this
anomaly is that the flow gradient is applied over only a
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Fig. 6. Experimental images and schematic of DNA contraction, recoil and a combined process of the two in confinement. (a} Nor-
malized intensity of a single T4 DNA along the channel (x axis) versus time ¢. At #=0 the molecule is stretched while being
driven electrophoretically from the microchannel (x<0) into the nanochannel (x>0). The DNA stays in the nanochannel and con-
tracts until reaching equilibriun (iltustrated in (b)). At =77 s, the DNA is moved to the nanochannel entrance by a weak pulse
field. Since a small part of DNA straddles the interface, the molecule begins to recoil from the nanochannel into the micro-
channel (illustrated in (c}). At 7=115s, DNA is driven partially into channel with a strong pulse. When the field is turned o,
DNA begins to both contract and receil simultaneously (illustrated in (d)). Reprinted with permission from Mannion et al. Bio-

phys. J., Copyright 2006 the Biophysical Society.
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blob and not the whole chain. Since a blob is only a frac-
tion of the molecule, the relevant Weissenberg number
Wi=1,,y is usually well below 1, and leads to no DNA
deformation (Hsieh ez al., 2007). This picture is applicable
to DNA in nanoslits and nanochannels with constant
dimensions. Due to this limitation, one usually deforms
confined DNA by an induced extensional flow generated
by changing the width of the confinement. Since the width
of a slit is much larger than a DNA molecule, the flow gra-
dient applies over the whole chain and DNA can be easily
stretched. Therefore, a nanoslit with a cross-slot or a con-
traction (Chan et al., 2004; Larson ef al., 2006) is the
choice for stretching confined DNA with pressure-driven
flow.

Finally, a feature that was understood by simulations
(Jendrejack et al., 2003a,b) but so far only been observed
for weakly confined DNA in microchannels (Chen ef al.,
2005; Fang er al., 2007) is a shear-induced migration from
the boundary. Tt is a consequence of shear-induced DNA
stretch combined with boundary-mediated hydrodynamic
interactions. We note that pressure-driven flow has not
been the dominant mechanism used in nano-scale con-
finement to drive DNA because a large pressure is needed
to generate a sufficiently large flow in such small dimen-
sions.

5.7. Electrokinetically driven DNA in confinement

DNA as a polyelectrolyte can be easily manipulated by
applying electric fields. The most common electrokinetic
mechanism used in single-molecule DNA studies is elec-
trophoresis. However, most channels have charged sur-
faces and thus a background electroosmotic flow is also
present, unless special surface treatment has been done to
suppress electroomosis.

The first studies of DNA electrophoresis in well-defined
nano-confinement were performed by Austin and cowork-
ers (Volkmuth and Austin, 1992; Volkmuth er al., 1994),
The experiments were carried out in 150 nm deep nanoslits
with cylindrical obstacles to mimic the structure of agarose
gel for DNA separation. DNA used in these studies had
contour lengths of 5-30 um and were confined in the
nanoslits. DNA mobility was found to be independent of
its contour length if no collisions occured (Volkmuth e al.,
1994), as is found for unconfined DNA. However, once
DNA collide and hook on obstacles, the average time
required for DNA to unhook depends on their size. Con-
sequently, the mobility of DNA passing through the obsta-
cle array becomes length dependent. Following this pio-
neering work, many studies have been done to further
understand the collision and unhooking processes in micro-
channels with obstacles (Randall and Doyle, 2004; 2005a;
Teclemariam et al., 2007) while no research has been done
to investigate what effects confinement brings to this pro-
cess.
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_ Recently, several groups have reported that confinement
alone can result in a length-dependent electrokinetic DNA
mobility. Campbell et al. (2004) reported a systematic
measurement of A-DNA mobility in tube-like nanochan-
nels with dimensions from 870 nmx730nm to 150
nmx 180 nm. No agent was used to suppress the elec-
troosmotic flow and therefore the measured DNA mobility
was a sum of electrophoresis and electroosmosis. The
DNA mobility was found to increase with decreasing chan-
nel size. This observation was qualitatively explained as a
result of weakening electroosmotic flow in shallower chan-
nels due to the increasing overlapping of the wall potential.
Cross et al. (2007) observed that DNA mobility decreases
with molecular weight in 19 nm deep nanoslits while the
same phenomenon was not seen in 70 nm nanoslits. The
electroosmotic flow was suppressed by dynamic coating
using the polymer PVP, and the operating electric field was
only up to 125 V/cm. DNA size used is between 2 to 10

1

kbp. The mobility scaled as L *, in excellent agreement
with a model proposed using blob theory and the assump-
tion that the friction between DNA and the boundary is
proportional to their contact area. However, we note that
blob theory may not be the appropriate model to describe
DNA configuration in such a small geometry. On the other
hand, a very recent study of Salieb-Beugelaar er al. (2008)
has reported a field-dependent DNA electrophoretic mobil-
ity measured in 20 nm deep nanoslits. The experiments
were performed at fields of 60-2000 V/cm, much stronger
than those used in Cross et al. (2007). The overall DNA
electrophoretic mobility was found to increase for 60 V/cm
<E<300 V/ecm and to decrease for £>300 V/em. The rise
of DNA electrophoretic mobility at moderate fields was
not explained, but the decrease of DNA electrophoretic
mobility at high fields was explained as a result of dielec-
trophoretic DNA trapping due to the surface roughness
(Salieb-Beugelaar er al., 2008). Although the above studies
suggest that a length-dependent or field-dependent DNA
mobility may be achievable using confinement alone,
available experimental results are too scarce and need to be
reproduced to confirm their universality.

Quantitative study of electrophoretic stretching confined
DNA was first performed by Bakajin ef al. (1998) using
silt-like channels with obstacles. The experimental results
showed negligible intramolecular hydrodynamic interac-
tions in the smallest channel used (90 nm), and also sup-
ported the notion of electro-hydrodynamic equivalence
(Long et al., 1996). Since then, several groups have studied
DNA stretching in microchannels (Ferree and Blanch,
2003; Randall and Doyle, 2004; Juang ef al., 2004; Randall
and Doyle, 2005a; 2006; Randall et al., 2006), however the
DNA was not confined. In a recent demonstration to
stretch DNA in a 2 um high T-shape channel using electric
field gradients, Tang and Doyle (2007) showed that they
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can trap and nearly fully stretch a A-DNA 10-mer (485
kbp, Lx215 um, R,,.u~2.8 um) (see Fig. 7), which has
equilibrium size much larger than the channel height.
Therefore, such devices can potentially be the platform for
the future studies in field induced stretching and the role of
confinement.

Electrophoresis of DNA confined on a surface has been
studied by Olson ez al. (2001) and Maier et al. (2002). The
former study observed DNA electrophoresis on a lipid
bilayer with the presence of obstacles (presumably defects
in the bilayer). The unhooking of DNA from obstacles was
qualitatively similar to that observed in 3D. In Ref.(Maier
et al., 2002), DNA was absorbed on a lipid bilayer with
one end tethered to a solid support. DNA was stretched by
an electric field, and its extension was found to agree with
the prediction given by a 2D worm-like chain model.

6. Summary and outlook

Single-molecule experimental studies of confined DNA
has expanded our fundamental understanding in polymer
physics, and also opened a new field for future applica-
tions.

For equilibrium dynamics, we have gained a sound
understanding of DNA confined in a slit-like geometry
where the influence of degree of confinement, molecular
weight and ionic environment on DNA behavior has been
characterized. The framework of blob theory was shown to
be adequate for describing the observed DNA conforma-
tion and dynamics with an expected compromise in the

Fig. 7. Electrophoretic stretching of a A-DNA 10-mer in a 2 ym
high T channel. Inserted plot shows the dimensionless
electric field strength in the T-junction region from finite
element calculation. Reprinted with permission from Tang
and Doyle App. Phys. Lett., Copyright 2007 American
Institute of Physics.
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assumption of non-draining blobs. However, a less com-
plete picture for confined DNA in a tube-like geometry has
been reached. Measured DNA extension and relaxation
time were in moderate agreement with blob theory while
the cause of the deviation remains unclear because mea-
surement of DNA diffusivity is lacking in this geometry.
Moreover, the experimental results for ionic effects on
DNA are inconsistent in different studies. Here more com-
plexity was involved because many experiments were per-
formed at a channel height #~2p where the transition
between deflection chain regime and blob theory regime is
rather vague and not well understood. A possible remedy
would be using actin as the model polymer (p~16 um)
and therefore the transition between the two regimes can
be readily investigated in microchannels.

For non-equilibrium dynamics of confined DNA, few
quantitative studies have been performed. The relative
minor progress in this field is probably hindered by the
lack of understanding of the equilibrium state of confined
polymers and the expectation that a highly deformed con-
fined DNA will behave qualitatively similar to unconfined
DNA except with screened hydrodynamic interactions.
However, even if this picture is correct, the very different
equilibrium states of unconfined and confined DNA are
expected to result in significant difference in, for example,
the coil-stretch transition. The very recent reports on con-
finement and electric field dependent DNA mobility
observed in extremely small geometries (2~20 nm ) high-
light the importance of the surface interaction on the trans-
port of confined DNA. It is also likely that the ionic
environment in such small channels is different from the
bulk condition. As strongly implied by these studies, dif-
ferent surface treatment and the possible interplay between
charged DNA and confinement should be considered as
important factors in future experimental design and anal-
ysis. These are just some of the unanswered questions in
this field and show that much exciting research is still left
to be performed.

Funding for this work was provided by NSF Career
Grant No. CTS-0239012 and U. S. Genomics.
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