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ABSTRACT: We report an unusual phenomena of attraction between DNA and the sidewall of a two-dimensional
(2d) glass nanoslit with height, %, less than the Kuhn length /x. The DNA molecules are stretched and diffuse
along the wall. The scaling analysis reveals that the wall-bound DNA molecules exhibit one-dimensional (1d)
diffusion. A modified blob model is able to predict the chain extension down to 30 nm, well into the subpersistence
length regime where the chain deflection length should be considered. This discrepancy may be due to the partially
bound confinement of chains near the sidewall. In contrast, the scaling analysis of DNA molecules far from the
sidewall exhibit 2d dynamics that can be described by de Gennes and Odijk model for & > Ix and h < I,
respectively. We further apply the unusual wall attraction to trap and stretch DNA molecules around posts in a
nanoslit. We demonstrate that the DNA molecules exhibit trapping—escaping movement, and they can be

transported from post to post with an electric field.

1. Introduction

In the past few years there has been an unprecedented advance
in micro- and nanofluidic systems. This has led to applications
in DNA separation,' > sequencing and mapping,* and advance
fundamental research on polymer dynamics. Many popular
microfluidic devices employ the electric field to transport DNA,
strong confinement to stretch DNA, and collision barriers to
separate DNA molecules by length.

Recent advances in nanofluidic fabrication technology allow
scientists to create well-defined structures at the length scale
comparable to the Kuhn length /x (=100 nm) of double-stranded
DNA (ds-DNA) and to study polymer dynamics in confined
geometry.””'” Single DNA molecules are shown to move freely
in nanochannels® and rectangular nanoslits™'® as small as 30
nm. When the restricted dimension is larger than /k, the chain
conformation and dynamics can be described by the classical
blob model.'®'” When the restricted dimension is comparable
to or less than Ik, the bending stiffness of polymer is affected
by the confinement, as suggested by Odijk.?® For such chains,
the contributions from the restricted conformation entropy
and the energy from polymer—wall interaction become signifi-
cant. The complex interplay between the effects of confinement,
hydrodynamic interactions, electrostatic interaction, and the
entropy of solute and solvent particles may result in complex,
counterintuitive dynamics as has been found in colloidal
systems.2 122

As an example, Krishnan et al. observed a very unusual DNA
dynamics near the wall in nanoslits, where classical theory
expects chain depletion due to restricted chain conformational
entropy. Instead, DNA molecules spontaneously adsorb and
stretch along the wall in a two-dimensional slit of several
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microns in width and less than 100 nm in height.**** Similar
DNA —surface interaction induced stretching along a grooved
cationic lipid membranes surface®> has also been reported.
However, a quantitative analysis is lacking. In this work, we
investigate the conformation of DNA molecules in quasi-one-
dimensional (Q1d) and quasi-two-dimensional (Q2d) environ-
ments and compare it with the predictions of de Gennes’ blob
model and Odijk’s deflection length model. The Q2d environ-
ment is created by confining DNA molecules between two walls
with separation i smaller than the radius of gyration (R,) of
DNA molecules. The Q1d environment is found, surprisingly,
not by a square nanochannel with four walls but by an
anomalous adsorption of DNA onto the sidewall adjoining to
two parallel walls with 2 < 140 nm. In the first part of this
work, we systematically investigate the chain extension, shape,
and dynamics of individual ds-DNA molecules, confined in a
wide rectangular nanoslit with slit height /4 from 20 nm (~/x/
6) to 780 nm (~6/k), near and far away the sidewall of nanoslit.

We also investigate the potential application of electric field-
driven collision and adsorption between DNA and fixed
obstacles for DNA stretching®® and separation®’ in nanofluidic
chips. We designed a micropost array in the nanoslit to
investigate DNA transport through the post arrays under an
electric field. The mechanisms of the DNA collision with single
cylindrical microheight post with radius of post close to the
radius of gyration R, of DNA exhibits a hooking process like
the classical motion of rope-on-pulley.?® In the nanoslit confine-
ment, a micropost can act as a ring-shaped potential that traps
DNA. We can electrically manipulate the trapped DNA transport
in the ring-shaped trap arrays and compress—decompress DNA
by switching on/off the electric field. This technique could be
a powerful tool for studying multistep biochemical reaction at
the single molecules level.

2. Blob Theory of Polymer in Confined Geometry

For a DNA molecule with contour length L confined in a
square channel or a slit with channel dimension less than the
DNA R,, its chain extension r scales with the channel height &
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Figure 1. Design and the surface morphology of the nanofluidic chip. (a) Schematic drawing of the trapped DNA in a wide rectangular nanoslit.
(b) Cross-sectional SEM image of wide rectangular nanoslit sidewall with 2 = 75 nm. (c) Region far from the sidewall with 2 = 20 nm in another
nanoslit. (d) Schematic representation of the cross section for sealed fluidic channel. The dimensions between reservoir and length of nanoslit are

13 and 2 mm, respectively.
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Figure 2. (a) Micrographs of DNA near the sidewall (the top column) and far from the wall (the bottom column). The length above each DNA
denotes the height of the slit where the DNA is located. (b) Time series fluorescence images for A-DNA trapped by the sidewall of nanoslit with

h = 30 nm at a time interval of 0.4 s.

as'® r ~ h*, where the scaling component v depends on the
channel geometry. The blob theory predicts v = —2/3 in one-
dimensional (1d) confinement and v = —1/4 in two-dimensional
(2d) confinement.'® Recent studies show that when a ds-DNA
with persistence P is restricted in a channel smaller than its
radius of gyration in bulk Rgpux, its statistical mechanical
properties alter from the bulk to weak confinement (R puic > £
> P), which is explained by the blob theory.>'""'*!¢ In the case
where the channel height 7 << P, Odijk has developed a theory
that takes into account that the chain segments are deflected by
the confining walls.?® The theory is further generalized by
Burkhardt to the rectangular nanoslit with channel width D and
height /.%® Using the approximation that the average deflection
angle is small, the relative extension can be expressed as*

L=1- 0.085[(%)2/3 + (%)m] e

However, the approximation of small deflection angle is most
accurate when r/L ~ 1, and it becomes less accurate as (D/P)
or (h/P) becomes large, i.e., as /L approaches Ry pi/L.

3. Materials and Methods

3.1. Fabrication of Nanofluidic Devices. Figure 1a shows the
schematic representation of device geometry used in the present
study, which is a wide rectangular nanoslit with the width D =
10—100 um and the height varying from 20—780 nm. The device
is made by first patterning Pyrex 7740 glass wafers with photoli-
thography, then etching the glass to the desired depth through
inductive reactive ions etch (RIE) with CF, gas, and finally
thermally fusing with a 0.17 mm Pyrex 7740 cover glass at 650
°C.*° The cross-section SEM pictures of two pure slit devices with
different heights, 75 and 20 nm, are shown in parts b and c of
Figure 1, respectively. The SEM picture shown in Figure Sla of
the Supporting Information indicates that the height of the nanoslit
devices is uniform. Thus, we can rule out the possibility that the
trapping is due to the collapse of the cover glass at the center of
the channel and pushing the DNA toward the boundary region.

3.2. DNA Preparation. A-DNA (N = 48.50 kbp, New England
BioLabs) is used in these studies. The DNA buffer solution has
1/2 TBE (45 mM tris base, 45 mM boric acid, and 1 mM EDTA)
with 10 mM sodium chloride (NaCl). The ionic strength and Debye

length Ap of the buffer solution are ~35 mM>'*? and A2 nm,
respectively. DNA molecules are labeled with the fluorescent dye
YOYO-1 (Molecular Probes) at a ratio of four base pairs per dye.
The contour length and persistence length of A-DNA are L = 22
um and P = 67 nm after labeling.>* 3> The image buffer contains
0.1% pop-6 (v/v) (Applied Biosystems), which can reduce the
surface attraction to prevent the DNA sticking on surface, 3%
2-mercaptoethanol (v/v) (Sigma-Aldrich), 0.1% f-p-glucose (w/
w) (Sigma-Aldrich), 10 ug/mL catalase (Roche), and 50 pg/mL
glucose oxidase (Roche) in 1/2 TBE buffer with 10 mM NaCl.
The viscosity # of the image buffer is 1.09 cP at 293 K.

3.3. Fluorescence Microscopy. DNA molecules are introduced
into the nanoslit by an electric field after they are first loaded in
the reservoir connected to the nanoslit (Figure 1d). Data collection
begins 1 h after the electric field is applied so that DNA molecules
are relaxed from the initial stretching. Fluorescence microscopy is
performed with an Olympus IX70 microscope with a 100x, NA
1.35 oil immersion objective, illuminated with an argon 488 nm
laser (Coherent Innova 90). Images are captured by EM-CCD
(Andor DV887DCS-BV) with 10—70 ms exposure time. The
longest relaxation time of the DNA molecules is much longer than
the exposure time, and the images are captured without rotational
averaging. Generally, 200 frames over a period of 20—300 s are
recorded for each DNA depending on its extensional relaxation time.
A shutter (LS3T2, Vincent Associates) is synchronized with CCD
for uniform fluorescence images and to reduce photobleaching.

4. Results and Discussion

4.1. Channel Height Dependences of DNA Trapping by
Nanoslit Sidewall. Figure 2a shows the conformation of the
DNA molecules at different locations in a nanoslit, 20—190 nm
in height. DNA molecules near and far from the sidewalls are
distinguished by the distance, dpna, from the center of DNA to
the nearest sidewall. Far from the wall (dpna > 5 m), the DNA
molecules are coiled and diffuse freely in the quasi-2d space;
near the sidewall (dpna < 5 um), the DNA molecules are
physically adsorbed to the sidewall. The physisorbed DNA are
stretched and fluctuate in a linear fashion (Figure 2b and
Supporting Information video 1).

To understand the 1d-like behavior in the quasi-2d environ-
ment, we obtain the mass distribution function W(r) of a DNA
molecule from the fluorescence images and characterize the size
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Figure 3. (a) A-DNA image is represented by an ellipse with the
characteristic length of the major R, and minor R, axes, calculated from
the eigenvalues of the mass distribution function.?” r is the extension
of DNA. (b) Asphericity [ALlis defined as [(R;> — R,?)%/(R,*> + R,*)*0]
The dashed line and the solid line are the values from the simulations
of the self-avoiding walks (SAW) in 1d and 2d, respectively.

and shape of the molecule as illustrated in Figure 3a. The
asphericity A measures the shape of a polymer, and its value
ranges from O (spherical) to 1 (linear). The mean asphericity of
DNA near and far from the sidewall are [A,.Jand [Ag,L]
respectively. Figure 3b shows [A,c,.Ldrops sharply from 0.97
to 0.41 when the height increases from 30 to 180 nm. The sharp
drop indicates that the crossover of 2d-1d conformation for
trapped DNA occurs for 4 between 100 and 140 nm, which is
approximately equal to the Kuhn length. In contrast, [Ag,[
weakly increase with decreasing /, which suggests the projected
shape becomes more anisotropic. This is consistent with a recent
study of DNA shape confined in the nanoslit.'® Simulations by
Bishop and Saltiel have also shown that chain anisotropy
increases as dimensionality decreases. They calculated [AUof
2d linear polymers with excluded volume (EV) to be 0.53.¢
The deviation from the theoretical value may be attributed to
the limitation of our image resolution of ~350 nm, leading to
larger R, and smaller [A,[Jobserved than the simulation results.
The average asphericity of the DNA in the nanoslit far from
the wall is consistent with simulations of the 2d linear polymer
with excluded volume.

Figure 4 shows the relationship between the measured relative
extension of DNA molecules far from and near the sidewall
versus the slit height 4. We investigate the scaling exponent v
from [0~ K" for DNA far from and near the sidewall. For
DNA far from the sidewall, Figure 4a shows the scaling
exponent of DNA extension is v, = —0.28 £ 0.02 for & > 140
nm. This follows from the blob scaling prediction in 2d (Vyjob24
= —1/4).'° However, r, exhibits a plateau when 4 < 140 nm.
This implies that chain stiffness might play a role in polymer
extension. Under strong confinement, the chain is deflected by
the wall, and the blob picture no longer holds. In this “Odijk
regime”, the polymer exhibits the 2d “reflecting chain” conforma-
tion with the projected segment length A cos 6 and the number of
deflection segments Nogix = L/A, where A &~ (W*P)'?, 6 ~ h/j.
For a chain confined below its /x in a nanoslit, we may write
the scaling law for its extension for 6 = (h/P)'? < 1 as
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r = (A cos 9)(%)3/4

-1~ osa o

— (Clh1/6P1/12 _ C2h5/6P*7/12)L (2)

where C; = (P/L)"* = 0.024 and C, = 0.5(P/L)"* = 0.012,
with P = 67 nm. Equation 2 has a maximum at (A/P) = 0.25,
or H 17 nm, which suggests the lower bound of its validity and
perhaps indicate the transition from quasi-2D to 2D conforma-
tion (r/L = 0.28 for A-DNA). The dashed line in Figure 4a is
the best fit with eq 2 using C;* and C,* as fitting parameters of
Irae from 7 = 20 to 190 nm, where C;* = 0.072 and C* =
0.020. The difference between the fitted and theoretical coef-
ficients may be attributed to the varying degree of accuracy of
the small deflection angle approximation in the regime of (h/P)
fitted. Our measurements of r,, also agree with a recent study
by Bonthuis et al. that showed R, weakly depends on & when
DNA confined in the Odijk regime.'®

For DNA trapped near the sidewall region, the shape and
dynamics of DNA are similar to confinement in a virtual
rectangular nanoslit with the channel width D and height /. The
blob theory predicts the relative extension with chain segment
length 2P and effective width weg in rectangular nanoslit*®> is

given by
wP\1/3

For DNA in rectangular nanoslit, the exact transition from
the blob (eq 3) to the Odijk regime (eq 1) is unclear. We have
compared the measured r/L with both theories. It is straight-
forward to assign the virtual channel with a height equal to the
device vertical dimension, while defining the width D of the
channel for DNA physisorbed on the sidewall is ambiguous.
From image analysis, we find that R, represents the conforma-
tional space sampled by the DNA in the horizontal plane
perpendicular to the wall, corresponding to the virtual channel
width. R, is observed to decrease with decreasing s, which
implies the virtual channel width D depends on the 4. Therefore,
we assume a linear form D = yh, where y is a constant. Figure
4b shows that a fit using D with eq 3 is in good agreement
Wwith e, ranging from 2 = 30 to 180 nm, with wer = 4 nm
(~2Ap)*° and P = 67 nm. The fit constant y = 6.03 indicates
D = 180 and 1080 nm for 2 = 30 and 180 nm, respectively.
The dashed line in Figure 4b shows the fitting with Odijk picture
(eq 1) in the range 75—180 nm. We optimized fitting with a
constant D = 1645 £ 88 nm. Within our experimental error
bars, the Odijk model also agrees with the experiments except
for the smallest 30 nm channel. Equation 1 predicts a weaker
dependence of the relative extension on A. For near sidewall
DNA molecules, the blob theory for 1d is in better agreement,
suggesting that the chains are partly adsorbed onto the sidewalls
and trapped in a 1d potential.

For DNA far from the sidewall, the transition from the blob
to Odijk deflection chain behavior in the 2d nanoslit is clearly
observed in Figure 4a. On the other hand, Figure 4b shows that
the blob theory for 1d chains capture the growth of the relative
extension as i decreases for DNA trapped near a sidewall. For
DNA chains near a sidewall, the lack of a physical constraint
in the virtual channel width most likely account for the lack of
agreement with the Odijk theory due to the lack of a deflection
length. This is in contrast to DNA molecules confined in a
square nanochannel, where the Odijk predictions have been
shown to agree with experiments.’
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Figure 4. Log—log plot of relative extension r/L of -DNA far from (a) and near (b) the nanoslit sidewall as function as channel height 4. The solid
line indicates fit of eq 3. The dotted line in (a) and (b) are scaling predictions for chain extension in 2d (Vyop2a = —1/4) and 1d (Vyion1a = —2/3),
respectively. The dashed line in (a) and (b) are the fits of eq 2 and eq 1, respectively.
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Figure 5. (a) Schematic drawing of the trapped DNA in the regular hexagonal cylinder arrays pattern in the nanoslit. (b) Fluorescence images of
A-DNA trapped and extended around single nanoheight post patterned in the nanoslit with 2 = 75 nm. A post can trap a large number of DNA
molecules at the same time. (c) Time series fluorescence images for A-DNA trapped by the sidewall of cylinder post with 2 = 100 nm.

4.2. Manipulating the Motion of Trapped DNA Using
Electric Field. DNA trapping is also observed near cylindrical
microposts in nanoslits. We take advantage of this phenomenon
to trap DNA molecules near an obstacle in a thin nanoslit and
transport them to other physical traps by using electric field.
Figure 5a shows the schematic drawing of a device in which
there is a micropillar array consisting of cylindrical posts, 3.5
um in diameter, 10 4m in separation, and 75 nm in height (The
AFM image is shown in Figure S1 of the Supporting Informa-
tion.) Once the DNA molecules enter the device, they wrap
around the post as shown in Figure 5b. A time lapse series of
a DNA molecule that freely moves around a post is shown in
Figure 5c and Supporting Information video 2.

When we apply a 390 V (300 V/cm) bias across two
reservoirs, DNA molecules undergo translational motion along
a channel at a speed of 8 um/s, as shown in Figure 6a and
Supporting Information video 3. When we apply the electric
field to the device with micropillar arrays, the motion of DNA
molecules depends on the strength of the electric field (Figure
6). In a weak field (E < 400 V/cm), the wall-bound DNA
molecule is compressed into a tight blob at the stagnation point
of the field (Figure 6b and Supporting Information video 4). In
a stronger field (E > 400 V/cm), the DNA molecule is deformed
from the blob at the stagnation point and then escapes the post
with a stretched end. Then the DNA molecule hits the next
micropost, wraps around the post in a stretched form, moves to
the stagnation point in the compressed form, and then repeats
the escape (Figure 6d and Supporting Information video 5).
When the electric field is off, the DNA molecule relaxes from
the compressed state to the physisorbed state. This decompres-
sion process is shown in Figure S2 and video 6 of the Supporting

Information. We analyzed 35 compressed DNA after turning
off the electric field and found the decompression time is 10.20
+ 3.05 s. The trapping—escaping process observed is very
different from previously reported dynamics of DNA collision
with a microheight post,®® where the collision mechanism is
dominated by repulsion between DNA and sidewall of micro-
height post that leads to hooking. In contrast, the trapping—
escaping movement with nanoheight posts observed here is
caused by the DNA—sidewall electrostatic attraction.>* The
mechanism here shares similarity to colloid transport in an array
of optical traps.*'

5. Conclusions

The interactions that cause the stretching and trapping of DNA
with the nanoslit sidewall/post remain unclear. The DNA—wall
attraction could be due to multiple factors. (1) The presence of
multivalent ions in the buffer solution may lead to like charge
attraction as found in polyelectrolyte condensation. (2) Entropic
depletion of counterions between DNA and the wall may cause
an effective entropic attraction between DNA and the wall.
However, the length scale of counterion depletion is very short
and requires the DNA to be within 1 or 2 counterion diameter
(1 nm or less) of the wall. (3) Hindered chain relaxation near
the sidewall due to stronger confinement constraint may lead
to a prolonged nonequilibrium stretched chain that does not relax
on the observation time scale. The sidewalls and the microposts
could strongly hinder chain relaxation and lead to the impression
that DNA molecules are “adsorbed” to the wall for a significant
amount of time. Further theoretical and computational studies
are needed to address these possibilities.
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Figure 6. Manipulation of single DNA in nanoslit sidewall induced
traps with electric field. (a) Time series fluorescence images of A-DNA
transport along the nanoslit sidewall (2 = 30 nm) with time interval
0.5 s. (b) Time series fluorescence images of A-DNA compression in
the post-trap (h = 75 nm) under weak electric field (E = 300 V/cm)
with time interval 1 s. (c) Schematic representation of compression
process for post-trapped DNA under weak electric field. (d) Time series
fluorescence image of A-DNA transport through the posts patterned in
75 nm slit under strong electric field £ = 400 V/cm with time interval
0.3 s. (e) Schematic representation of trapping—escaping process of
single DNA transport in post-trapped arrays under strong electric field.

The post array patterned in the nanoslit forms a trap array
for DNA molecules. The conformation of the molecules in this
trap can be compressed and decompressed by switching on and
off the dc E-field. The observation that an electric field may be
used to collect DNA molecules at a field stagnation point could
be very useful for step reactions for biochemical analysis. This
post arrays device is able to trap and stretch DNA in nanocon-
finement simultaneously. With this design, it is possible to
perform multistep biochemical reactions to investigate the
kinetics of DNA—protein interactions such as protein-induced
DNA folding and restriction mapping by protein in confined
environment. Our future work will focus on investigating the
effects of surface charge and multivalent counterion on stretch-
ing and trapping of DNA.
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