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ABSTRACT: We investigate the effectiveness of DNA conformational preconditioning by electrophoresis through
an obstacle array on the later stretching of molecules in a microchannel contraction. The control, reproducibility,
and ability to compare with the well-studied single postcollision problem make this a model system for
conformational preconditioning studies. We find that the obstacle array increases the average deformation applied
to the DNA in the contraction through elimination of slower stretching DNA conformations. In the current device,
a dramatic change in the resulting polymer behavior occurs at a predeformation in the obstacle array of about
20% relative extension. We show that the hooking probability in the array is geometrically limited at large electric
fields and that modification of the geometrical parameters shows promise for optimization of a second-generation
device.

Early visualization studies of DNA stretching directly observed that the rate of stretching of an individual polymer was
greatly influenced by the polymer’s initial conformation.1,2
Termed “molecular individualism”,3 this phenomenon, along
with Brownian motion, provides the basis for much of the
molecule-to-molecule variation between polymers subject to the
same processing history.4 Since the discovery and realization
of significant advances in DNA mapping technologies that
accompany precise control of molecular conformation,5–7 new
interest has grown in a methodology to eliminate this molecular
dispersion.
Very recent studies have used advances in nanofabrication
to modify the equilibrium conformation and attain this precise
control, avoiding the molecular individualism effect.8,9 While
significant progress has been made in this area, the practical
alternative of dynamically altering the conformation with flow
and flow gradients remains useful not only in larger, cheaper,
and more robust devices but also in the insight attained into
flow properties of dilute polymer solutions.10,11
Significant efforts have been made to understand and mediate
molecular individualism for finite-strain processes. In such
devices, polymers which tend to stretch slower may not attain
sufficient strain to stretch completely and therefore retain folds
or kinks, for instance, at the exit and/or detection region of the
device.4,6,12,13 As such, the focus was to reliably control the
initial conformation of the polymer, i.e., precondition the polymer for further processing.10 Visualization1,2 and simulation14
studies easily identified certain equilibrium or slightly deformed
conformations as likely to stretch quickly, while others are likely
to fold and stretch slower. It was soon observed that molecules
that had been stretched previously were less likely to form folds
(i.e., stretch easier on subsequent attempts).10 Simulations have
also shown that the extension attained in a shear flow is
sufficient to significantly increase the rate of stretching in a
subsequent extensional flow.10
Collision processes also change the conformation of DNA
molecules,15–21 pointing to possible use in preconditioning
studies. A recent study used a polymerized hydrogel as the
collision matrix and tested its effectiveness to preconfigure DNA
just prior to a microchannel contraction.4 The gel caused the
DNA to elongate by two mechanisms: by creating a mobility
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Figure 1. Schematic of molecular individualism (top) and molecular
preconditioning (bottom) of a DNA molecule undergoing extensional
deformation with finite strain. The final stretch and conformation of
the polymer are largely dependent on the initial configuration of the
polymer. Collisions with posts precondition the molecule and change
the likelihood of the intermediate states in favor of faster stretching
configurations.

difference between the head and tail of the molecule as it exits
the gel22 and through collision processes between the gel and
the DNA. That study found that the gel placed just prior to the
contraction increased the average stretch and decreased the
standard deviation of the stretching distribution of the polymers
through the contraction. However, the inhomogeneity of the
DNA behavior through the gel limited the results to being
qualitative. Also, experimental difficulties in the fabrication of
the gel, rinsing of the channel, and the sticking of the DNA
to the gel prohibit reuse of the channel and limit the scalability
of the technique.
The purpose of this study is to investigate the possibility and
quantitative effectiveness of using a microfabricated obstacle
array placed immediately before a contraction to preconfigure
DNA molecules for stretching. Figure 1 shows a schematic
representation of the hypothesis of this work: an obstacle array
can alter the final stretch of a molecule exiting a contraction
through mediation of molecular individualism effects by controlling the initial conformation of the polymer. The use of
collisions with cylindrical obstacles, a well-studied problem,15,16,18,20,21,23–26 offers insight into the polymer configura-
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Figure 3. (a) Normalized electric field magnitude in the obstacle array
vs X, the distance to the contraction entrance. The dark dashed and
solid lines correspond to the like lines in Figure 2B. The solid gray
line is for the obstacle-free channel and is calculated along the channel
centerline. The dotted lines are evaluations of the analytical solution
for the electric field around a cylindrical obstacle (eq 4 with θ ) 0);
E∞ is approximated by the electric field in the obstacle-free channel at
the location of the center of the post. (b) Electric field gradients for
the data in (a).

Figure 2. (A) Results of a FemLab simulation of the obstacle-array
channel for the electric field magnitude normalized by the electric field
in the wide part of the channel (E1). (B) Close-up of the electric field
in the obstacle array at the channel centerline (dashed line). (C) Results
of a FemLab simulation of the obstacle-free channel. Also denoted is
the notation for the geometric characterization of the channel. (D)
Electric field along the centerline of the channel for the obstacle-array
(dashed line) and obstacle-free (solid gray line) channels vs X, the
distance to the contraction entrance. Inset: electric field gradient (units
of µm-1) along the centerline for obstacle-array (dashed line) and
obstacle-free (solid gray line) channels.

tions during and after the collision event. Thus, it is possible to
study the effects of a known processing history on downstream
stretching of the polymer, a model preconditioning system.

Figure 4. (A) Ensemble-average relative stretch at the end of the
contraction vs De for T4 DNA in obstacle-filled channels (9) and
obstacle-free channels (0). Also shown is the infinite-strain stretch
calculated from the simple dumbbell model (eq 1). (B) Average relative
stretch at the end of the contraction vs De sorted by collision type; 2,
1, and 9 represent U/J, X/W, and nonhooking collisions, respectively.
The same dumbbell model shown in (A) is displayed for reference.
Error bars in both plots are the standard error.

studies1,2 have observed that the coil-to-stretch transition occurs
at nearly the theoretical prediction De ≈ 0.5.28,29 Above this
critical De, the steady-state stretch (i.e., stretch after infinite
strain) has been reasonably described by a simple dumbbell
model. In this model, the drag force acting to extend the
dumbbell is balanced by the wormlike chain spring force.30
Neglecting Brownian fluctuations, this force balance can be
written as
3De

1. Background
Deformation of a polymer from its equilibrium conformation
in a purely extensional field is expected when the rate of
deformation applied exceeds that of entropic relaxation.27 The
dimensionless parameter comparing these two rates is the
Deborah number, De ) ε̇τ, where ε̇ is the characteristic strain
rate and τ the longest relaxation time of the polymer. Previous
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where Xex is the extension of the polymer in the flow direction
and Lc is the polymer contour length. This model has no
adjustable parameters and can be used to estimate the amount
of stretch attained after infinite strain (i.e., at steady state).
Previous studies have used flow gradients created either by
contractions5,6,31,32 or cross-slot channels.1,2 Electric field
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Figure 5. Histograms of relative stretch leaving the contraction for
(A) De ) 2 and (B) De ) 7. 0 represent all molecules in an obstaclefree channel, 9 represent nonhooking collisions in the obstacle array
channel, 2 represents U/J, and 1 represents X/W collisions. Data in
the obstacle array channel are normalized such that the accumulated
probability under the solid symbols is unity. The data in the obstaclefree channels are rescaled such that the integrated probability is set
equal to that of the nonhooking molecules in the obstacle array channel
(the area under the filled and open squares is the same). This rescaling
was done to draw attention to the similarity between the 9 and 0 curves.
The fraction of molecules that hook is 44% for De ) 2 and 63% for
De ) 7.

Figure 6. Histograms of relative stretch leaving the obstacle array at
De ) 2 (A) and De ) 7 (B). The symbols are as defined in Figure 5.
Insets are complete plots of the histograms for the nonhooking
collisions.

gradients in similar devices have been used to stretch DNA4,33–35
with similar results, including the onset of stretching at De )
ε̇τ ) µ∇Eτ ≈ 0.5 (where µ is the electrophoretic mobility and
∇E is the electric field gradient). Electric fields are unusual in
terms of kinematics in that local deformation is purely elongational (no vorticity).23,33 Furthermore, upstream from the
contraction, the electric field is constant and does not perturb
the DNA from its equilibrium conformation.36
The collision process between a DNA molecule and a single
small obstacle has been previously studied by our group.15,16,23
These studies classified collisions into four types: U, J, X, and
W, depending on the conformation during the collision. In U
and J collisions, the polymer stretch saturates while the polymer
is still in contact with the obstacle, and the polymer leaves the
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Figure 7. Time series images of a T4 DNA moving through the
obstacle-array contraction device at De ) 5. Each frame is recentered
on the molecule center of mass to allow for greater magnification and
clarity. The post involved in the collision is drawn by hand, and the
distance to the post is shown for the final two frames. The scale bar is
20 µm. The collision with the obstacle array is seen in the second and
third frames (1.0 and 1.2 s). The polymer then relaxes slightly (1.5
and 1.7 s) before stretching again in the contraction (2.3 and 2.5 s).

post with a rope on a pulley mechanism. The difference between
U and J collisions relies on an arbitrary tolerance for the equality
of the length of the arms on either side of the post. For this
reason, and since the conformation leaving the post is expected
to be very similar between the two types, we group U/J
collisions together for the remainder of this work. X collisions
are ones in which the polymer has not yet completely unraveled
before disengaging from the obstacle. W collisions are ones in
which both ends of the polymer are on one side of the obstacle
(or folded multiple times on an obstacle) at the collision outset.
The conformation imparted to the DNA varies drastically
between U/J and X/W collision types.
Obstacle arrays in a variety of shapes and forms have been
studied as models and possible substitutes for gel-based DNA
separations.17,37–40 These studies focused on the steady-state
migration through the arrays rather than the transient behavior
at the start of the array. The DNA conformation in obstacle
arrays is cyclic, going from a coiled to an extended state during
a collision, after which the polymer migrates and relaxes before
encountering another collision. A recent study41 investigated
the start-up behavior of single DNA molecules entering an
obstacle array under pressure driven flow both with experiments
and simulations. One major finding germane to our study is
that the average hooking probability and configuration of the
DNA do not change considerably past the third row of posts in
the array, suggesting a length scale for start-up effects in the
array.
2. Experimental Methods
Microchannels used in this study are of the same form as those
used previously4 and are w1 ) 200 µm wide, h ) 2 µm tall, and of
variable length (O(cm)). Each channel contains one hyperbolic
contraction, with a contraction length Lc ) 80 µm and a final width
of w2 ) 3.8 µm. The hyperbolical shape results in an electrophoretic
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Figure 8. Scatter plots of the relative stretch at the end of the contraction vs the relative stretch at the end of the obstacle array for De denoted on
plots in panes A-E where 9 denotes nonhooking collisions, 2 U/J collisions, and 1 X/W collisions. Horizontal dotted lines are the stretch at
infinite strain from eq 1. Pane F shows the same scatter plot broken down by conformation in the contraction for all De investigated with an inset
definition of the coil/fold/stretch (top to bottom) categorization. Images taken from the De ) 2 data set.

Figure 9. Measured hooking probability in the obstacle array (b) and
on the first row of obstacles (2) vs De and Deobst. Also shown is a
calculated hooking probability for T4 DNA vs De and Deobst on the
first row of posts using the results of single-post simulations.23 The
effect of changing the geometric parameters of the problem is shown
by the collision probability of ligated λ-DNA in the same device (0).

strain rate which is nearly constant in the contraction. The nominal
strain on polymers passing along the centerline as they move
through the contraction is ln(w1/w2) ) 4. Obstacle-free microchannels are constructed with soft lithography. Poly(dimethylsiloxane)
(PDMS, Sylgard 184, Dow Corning) channels are soaked overnight
in 2.0 × Tris-Borate-EDTA (TBE, Omnipur) buffer to eliminate
permeation-driven flow,42 briefly rinsed and surface-dried, and then
sealed to a glass cover slide. Channels with obstacle arrays are
microfabricated in glass using a deep reactive ion etch and were
anodically bonded to a glass coverslip. The posts themselves are 1
µm in radius (Robst), are spaced center to center by 4 µm (Xsep), in
three rows with each row offset by 4 µm center to center, and the
last row of posts is located 10 µm before the contraction. Because
of the high ionic strength of the buffer used and quenching of
electro-osmotic flow with a dynamically coated polymer layer, the
small difference between the surface properties of PDMS and glass
is not expected to be important.
The experimental buffer was 2.0 × TBE with 4% (v/v)
β-mercaptoethanol (Cabiochem) and 0.1 wt % 10 kDa poly(vi-

Figure 10. Time series image of a long DNA molecule (contour length
≈ 150 µm) moving through the obstacle array-contraction device. The
width of each frame is the entire experimental field of view. The scale
bar is 20 µm. Obstacles are drawn in as a frame of reference. The
molecule collides with multiple posts before completely unraveling in
the field of view.

nylpyrolidone) (Polysciences). Experiments in glass channels also
incorporated a glucose (Mallinckrodt)/glucose oxidase (Roche)/
catalase (Roche) (12.5, 0.16, and 7.4 × 10-3 mg/mL, respectively)
oxygen scavenging system. T4gt7 DNA (Nippon Gene, 165.6 kbp,
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70 µm stained contour length), stained overnight with YOYO-1 at
a 4:1 bp to dye ratio, was observed through a 63×, 1.4 NA oil
immersion lens. The fluorescence signal was detected with a
Hamamatsu EBCCD camera and recorded to digital videotape. Data
analysis proceeded off-line using ImageJ software.
The extension of the polymer leaving the obstacle array and
leaving the contraction is measured as well as the type of collision
(U/J, X/W, and nonhooking) and the conformation of the polymer
at the end of the contraction. The categorization scheme used here
is as follows: “stretched” polymers attain a linear conformation with
a uniform intensity profile, “folded” polymers attain a linear
conformation with at least one step change in intensity, and “coiled”
polymers do not elongate to a linear conformation. As any
categorization of the polymer conformation using fluorescence
microscopy, this scheme is qualitative but gives a general idea of
the shape of the DNA moving through the contraction. More than
70 polymers are observed for each De (excluding De ) 1).
A slight refinement of the collision-type categorization scheme
is needed to allow use in an obstacle array and under nonuniform
fields. We start with the definitions described above to determine
the collision type. If there are multiple collisions or multiple
collision types while traversing the array, the type of the last
collision is used. Second, a hooking polymer is defined as a
molecule which, during any imaged frame, has mass in all four
quadrants around a single post with the direction of the abscissa
defined along the direction of travel of the DNA as it impinges on
the obstacle. This new definition is due to the fact that the electric
field streamlines do not lie along a simple coordinate system in all
areas of the device.
The longest relaxation time (τ) of the T4 DNA was measured in
glass and PDMS channels of the same height as described
previously.1,4,33 Molecules are stretched on a post and then allowed
to relax. A single exponential was fit to the mean-squared extension
in time from 30% relative extension to equilibrium. The relaxation
time measured in both the PDMS/glass and glass channels is 1.7
( 0.2 s, in good agreement with previous measurements in similar
conditions.4,34

3. Results and Discussion
We first investigate the kinematics of the electric field in our
device with finite element analysis as well as a more general
scaling analysis. Since there are different sections of our device
which yield different kinematics (strain rates), we cannot expect
one dimensionless parameter to characterize the polymer
behavior across the whole device. We therefore introduce several
Deborah numbers based on characteristic strain rates which arise
in different portions of the device. These scaling analyses as a
whole will yield insight into the locations of possible polymer
deformation as well as provide a basis for comparison to
previous studies of polymer deformation and hooking on
cylindrical obstacles.
Finite element simulations carried out in FemLAB software
were used to calculate the electric field in both types of channels
and are presented in Figure 2. As seen by comparison of panels
A and C, and in the more quantitative comparison along the
centerline (D), the electric field away from the obstacle array
is nearly identical in the two channels. As previously observed,4,32 there does exist a large entrance region prior to the
contraction where the strain-rate ramps to its final value. The
length scale for the entrance region is w1. The obstacle array is
placed in the entrance region. This placement ensures that
deformation applied by hooking on a post does not relax away
before the molecule enters the contraction. Because of the
hyperbolic shape of the contraction, the strain rate reaches a
constant value over much of the contraction and rapidly decays
to zero at the end of the contraction. As expected, the electric
field increases by a factor of w1/w2 ) 52.6 through the
contraction. A simple scaling argument, taking the change in
electric field magnitude (∆E) and dividing by the distance over
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which the change occurs (∆R), can be used to approximate the
field gradients in the contraction: ∇E ≈ ∆E/∆R ) [E1(w1/w2 1)]/Lc, where E1 is the electric field in the wide part of the
channel. This analysis yields a result within 3% of the simulated
field gradients. Conversion to the electrophoretic strain rate
requires multiplication by the electrophoretic mobility, µ,
measured to be 1.4 ( 0.1 (µm cm)/(s V) in both types of
channels. This analysis leads to the definition of the Deborah
number in the contraction:
De )

µE1(w2/w1 - 1)
τ
Lc

(2)

The posts themselves also alter the field, creating field
gradients over small length scales (O(Robst)) which can potentially alter the conformation of the DNA. The electric fields
and the electric field gradients are shown in Figure 3 for two
horizontal slices near the centerline (solid and dashed lines in
Figure 2B). The gradients in this section of the channel are
superimposed on the deformation due to the entrance region of
the contraction, but there is significant length scale separation
(w1 . Robst) which allows a scaling analysis of the gradients in
the obstacle array treating the entrance region as a simple
modification to the background electric field. This obstacleinduced field deformation gives rise to separate strain rates and
therefore different applicable Deborah numbers. At the stagnation point at the front of a single isolated obstacle, the electric
field varies from its far-field value (E∞, the value of the electric
field a few post radii from the obstacle, E∞ ∼ O(E1)) to 0 (∆E
) E∞) over the characteristic length scale Robst. The characteristic
Deobst has been previously defined using the maximum electric
field gradient at the surface of the post:23
Deobst )

2µE∞
τ
Robst

(3)

where the factor of 2 is a result of the analytical solution around
a single, insulating post:23,33

(

E ) E∞ cos θ

Robst2
r2

)

(

- 1 er + E∞ sin θ

Robst2
r2

)

- 1 eθ

(4)

Here r is the distance to the center of the post, and θ is the
angle to the direction of the far-field electric field. Deobst governs
the deformation of a DNA molecule in the field gradients prior
to a single post. These gradients decay rapidly away from the
post (as (Robst/r)3), and as our posts are spaced 4Robst center to
center, the field-deformation effects from one post are expected
to be minimal at adjacent posts. We expect, then, this Deobst to
affect the field-assisted hooking probability according to the
mechanism discussed previously.23 This effect is especially valid
at the first row of posts, where the field experienced by the
polymer is nearly uniform prior to the post. As seen in Figure
3, the electric field prior to and around the second- and thirdrow posts is affected by the previous posts in the array as
discussed below. Very near the posts (∼Robst), however, the
electric field and gradients are well approximated by the singlepost solution (eq 4 displayed as a dotted line in Figure 3).
Polymers that traverse freely to the second row of posts may
be deformed by the field gradients between two first-row posts
(see Figure 2b). Because of the finite size of the posts, they act
in aggregate to reduce the cross-sectional area of the device by
a factor of c ) Xsep/(Xsep - 2Robst), where Xsep is the centerto-center post spacing. Because of the constant current constraint, the electric field must increase by the same factor (∆E
∼ (c - 1)E∞) over a distance comparable to the post radius
(∆R ∼ Robst). In our device, c ) 2, yielding ε̇ ∼ µE∞/Robst and

5490 Balducci and Doyle

Dearray ≈
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µE∞
τ
Robst

(5)

where E∞ is again the far-field electric field. Dearray is applicable
to the deformation of polymers that pass between two posts.
For scaling purposes, we notice that E at the start of the obstacle
array along the centerline is ≈2E1, and we use this value to
approximate E∞. Using this value, 2Dearray ) Deobst ) 6.2De,
and the predicted field gradients normalized by E1 are 2 and 4
µm-1 for between posts and at the stagnation point, respectively.
As can be seen in Figure 3, these scaling values agree quite
well with the simulated electric field gradients in the device.
Since the two Deborah numbers in the post array are greater
than that in the contraction, we cannot a priori neglect possible
deformation and preconditioning in the obstacle array at field
strengths sufficient to deform polymers in the contraction, even
for nonhooking polymers. Also, since we study conditions for
which Deobst is on order 1 to greater than 10, we expect to at
least be partly in the regime where the obstacle collision
probability varies with the applied field.
It is also worthwhile to note that the stretch evolution has
been found to depend on the initial y-position of the molecule
in this contraction geometry.12 To mitigate these effects, only
polymers within the experimental field of view (black dashed
square in Figure 2c) approximately (45 µm from the channel
centerline are considered for analysis. Also, since the streamlines
are observed to bend prior to the obstacle array, the local relative
orientation of the obstacle array and the field streamlines also
change with y-position, possibly altering the hooking probability.
However, in the region of observation, these are secondary
effects to those just discussed.
Figure 4A demonstrates the effectiveness of the obstaclefilled channel in comparison to an obstacle-free channel and
the simple dumbbell model described in eq 1. The ensemble
average stretch at the end of the contraction (〈Xex,c〉) is
significantly less than the model due to the finite strain applied.
The extension measured in the obstacle-filled channel is
systematically greater than the stretch for the obstacle-free
channel at all De investigated, implying that the posts alter the
initial configurations and the conformational paths taken to
the stretched state. The effect is greatest in the middle of the
range of De, where the final stretch in the obstacle array is 150%
of that in the obstacle-free channel. At low field strengths, the
deformation imparted to the DNA on the obstacle is small, and
the low velocities for these polymers means there is the
most time for relaxation between the collision and the contraction. The diminishing effect at high De is probably due to the
fact that the U/J collisions approach the infinite-strain model
prediction (Figure 4B), providing an effective extension ceiling
for the most effective collisions.
Figure 4B displays the average stretch at the end of the
contraction by the type of collision experienced by the polymer
during the obstacle array. As expected, the U/J collisions
outperform the X/W collisions, which in turn outperform the
polymers which do not hook. The X and W collisions are
grouped together, but it should be noted that the number of X
collisions overwhelms that of the W collisions (in all cases
>95% of X/W collisions are classified as X collisions).
Surprisingly, the nonhooking collisions do not differ significantly
from the obstacle-free channel sample, implying that the steep
electric field gradients experienced between the posts do not
alter the conformation of the polymer in such a way as to aid
stretching.
Figure 5 displays histograms of polymer stretch at the end
of the contraction for De ) 2 (A) and De ) 7 (B). As expected
and observed previously, the U/J collisions are the optimal
preconditioners, with a peaked distribution at high extension
which is clearly distinct from the nonhooking collisions. The

X/W collisions result in polymers with a broad stretch distribution at the end of the contraction. We note here that the data
for the obstacle channel are normalized by the total number of
polymers observed in the channel (the accumulated area under
the solid symbols is unity). The data in the open channels are
rescaled such that the integrated probability is set equal to that
of the nonhooking molecules in the obstacle array channel. The
purpose of this rescaling is to highlight the similarity between
these two curves. The stretching distribution of nonhooking
polymers and polymers in the obstacle-free channel nearly
quantitatively agree. We conclude that the preconditioning
experienced by the polymers in the obstacle-filled channels is
nearly exclusively due to direct collision-based interactions with
the posts and is not greatly influenced by the electric field
gradients between the posts.
Figure 6 shows the stretching effects of the obstacle array
alone and gives some insight into the amount of preconditioning.
It is clear that hooking polymers make up all of the extended
molecules. The U/J collisions are more stretched than the broad
distribution of X/W collisions, especially at higher field
strengths. While by definition the U/J collisions must have a
very sharp and highly extended distribution leaving the obstacle,
the low field strengths allow some of the polymers, especially
those slightly displaced from the centerline or those that collide
with the first row of posts, time to relax before leaving the
obstacle array. Accordingly, the distribution of U/J extensions
leaving the array sharpens with increasing electric field.
Comparing Figures 5 and 6, the distribution of extension leaving
the posts clearly effects the distribution of extensions at the
contraction. U/J collisions are grouped at the upper end of the
distribution and do not appear to stretch further in the contraction, in agreement with the fact that the extension during a U/J
collision saturates while the polymer is in contact with the post.
X/W collisions stretch significantly in the contraction, but the
broad distribution remains.
The broad extension distribution of the X/W collisions is
expected from the nature of the collision type. At high field
strengths in constant fields, the dynamics of the X collision have
been described as a coil which freely convects downstream with
the field and a nearly fully stretched tail that connects the coil
to the obstacle.15,24 In the current device, the field is not uniform
near the post, and one can expect some deformation of the
convecting coil during the collision. However, these fieldgradient effects are secondary to the direct collision effects, and
at the end of the collision, one would expect the polymer to
retain the major features of the coil-tail configuration as it moves
into the contraction.
An example of this behavior can be seen in Figure 7, a time
series image of an X-colliding T4 DNA molecule. The coil-tail
configuration is clearly seen during the collision (1.0 and 1.2 s).
Even though there is some relaxation and reorganization of the
polymer configuration between the collision and the contraction
(1.4-1.7 s), the stretched conformation retains some of the
characteristics of the coil tail. Most notably, the stretched
conformation retains a fold at the front end, originating from
the coiled part of the polymer while on the post. The highly
preconfigured tail stretches without folds in the contraction. The
natural question to follow, then, is how small the coil must be,
or better put, how much collision preconfiguration must occur,
to eliminate folds from the stretched polymers.
We can investigate the preconditioning effectiveness of the
X/W collisions if the quantitative stretching at the end of the
posts is taken into account. Figure 8 displays the extension at
the end of the contraction vs the extension at the end of the
obstacle array by collision type. The abscissa represents
the amount of preconditioning incurred on a particular molecule
and varies from none to the extension expected after infinite
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strain. From these plots we can determine that the amount of
preconditioning needed to effectively alter the stretching
outcome is ≈20%. Below 20% extension after the obstacle array,
the distribution of stretch at the end of the contraction is similar
to that if the polymer does not hook, i.e. as if the obstacle array
were not there. Above 20% extension, the distribution shifts to
more highly stretched polymers with a small return for further
predeformation.
Upon closer examination of the conformation of the polymers
at the end of the contraction (Figure 8F), the increase in stretch
is correlated to the exclusion of heavily coiled conformations.
This conformation type has been observed previously to stretch
slowest.1,2,10 Elimination of just this one type of conformation
drastically changes the distribution of polymer behavior in the
downstream contraction. Interestingly, the more extended
polymers are a mix of “folded” and “stretched” conformations.
“Folds” are only excluded in the high-preconditioning deformation limit. For applications such as direct linear analysis,5,6 which
rely on the absence of folds, the preconditioning step appears
to require U/J collisions in this device. However, significant
increases in the stretch of the polymer occur for most collisions.
Figure 8 also points to possible methods to increase the
effectiveness of the device. Since the resulting stretch in the
contraction after a U/J collision is very near the infinite-strain
stretch for the higher De, the most straightforward method to
increase the stretch is to increase the probability of an optimal
preconditioning event. Hence, it is worthwhile to investigate
these effects further.
The hooking probability of T4 DNA as a function of De and
Deobst is given in Figure 9. Previous studies23,25 have found that
the hooking probability on isolated, insulating posts depends
on two parameters, Deobst and a ratio of length scales b/Rg, where
b is an offset parameter and Rg is the polymer equilibrium radius
of gyration in the directions orthogonal to the cylinder axis. b
describes the distance of nearest approach of the center of mass
of the polymer to the center of the post without the field
deformation effects due to the post. The field dependence (Deobst)
originates in the fact that the DNA is actually deformed as it
moves through the field gradients prior to the obstacle, dynamically increasing the polymer collision radius. At high field
strengths, this effect saturates since the amount of predeformation cannot grow indefinitely in the finite strain prior to the post.
In this high-field limit the problem becomes geometrically
defined, as polymers on trajectories nearest to the center of the
obstacle (low b) are more likely to hook. This trend is observed
in the hooking probability for T4 DNA over all three rows of
obstacles. At low fields, the hooking probability increases with
increasing field strength, while at higher applied fields the
probability reaches a plateau.
In a post array, the maximum offset parameter (bmax) is
limited by the array geometry. Specifically, the offset parameter
cannot exceed half of the spacing between obstacles transverse
to the direction of the applied field. In the observation region
of the current device, bmax ≈ 2 µm making bmax /Rg ≈ 2/1.4 ≈
1.4 for T4 DNA. The collision probability due to a single post
has nearly completely decayed at this value of the dimensionless
offset parameter for Deobst < 100,23 and we therefore assume
that the presence of an obstacle does not affect the collision
probability on neighboring obstacles. Further, if the DNA is
equally distributed among electric field lines, the collision
probability on the first row of posts can be computed as the
average hooking probability on a single post from b/Rg ) 0 to
bmax/Rg. The first-row hooking probability as well as the
calculated hooking probability (using quadrature from the results
of Brownian dynamics hooking simulations in ref 23) are also
presented in Figure 9 and agree quite well considering the
experimental scatter and the nature of the assumptions used.
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We now take advantage of our understanding of these
geometric considerations to increase the hooking probability in
our device. If the collision radius of the polymer becomes large
relative to the post spacing (bmax/Rg f 0), one can expect higher,
nearly unity, collision probabilities.23 In our study, we ligated
the single-stranded ends of λ-DNA to create polymers with an
equilibrium size greater than the spacing between the posts
(>250 kbp, Rg,bulk > 2.2 µm). These molecules are observed at
an effective De > 14 for these ligated DNA, calculated through
a simple scaling argument (τ ∼ Mw1.8).43 It should be noted
that these polymers are near the limit of strong confinement
(Rg,bulk ∼ h) where scalings with molecular weight become
steeper.44 Thus, the scalings used represent a lower bound for
the De.
Of the 100 molecules observed, 95 hook on the obstacle array
and more than 30 completely unravel before exiting the field
of view. (These polymers fully stretched exceed the dimensions
of our observable field of view; see Figure 10.) The dramatically
increased hooking probability shows promise for a nextgeneration device. Since the only relevant length scales are the
radius of gyration and the maximum offset parameter, the current
results suggest that a more refined obstacle array may provide
the same increased collision probability with smaller molecular
weight polymers.
4. Conclusions
We have shown in this study that the presence of the obstacle
array does increase the stretch of DNA through the contraction.
We have used the existing collision categorization framework
with small adjustments to characterize the effectiveness of
different collision types. We have also characterized the
effectiveness of varying extents of preconditioning and found
that coiled conformations are excluded after ≈20% predeformation. Exclusion of folds does not occur except for the most
preconditioned molecules (U/J collisions), which nearly reach
the steady-state stretch (infinite strain limit) in the contraction
at high applied fields. Polymers that do not hook on the posts
do not significantly differ in final stretch from polymers that
translate through the same contraction without an obstacle array,
implying that the preconditioning is due to hooking collisions
alone. The probability of forming a hook in the obstacle array
is shown to follow the same trends with electric field as for a
single-post collision. The hooking probability increases for small
applied fields and saturates at high fields. We also find that the
hooking probability in the post array depends greatly on the
ratio of the polymer equilibrium size and the array post spacing.
Also, the hooking probability on the first row of the array is
shown to agree well with extrapolations of the single-post
problem.
This is the first experimental study to quantitatively link DNA
preconfiguration by collision with an obstacle to later polymer
stretching in an electric field gradient. These results are of
importance for devices attempting to control the conformation
of single molecules, where deterministic behavior is desired in
a low-strain, flow-through device. The device itself is better
suited for multisample use and is more scalable in design than
previous contraction-flow preconditioning devices.
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(17) Minc, N.; Fütterer, C.; Dorfman, K.; Bancaud, A.; Gosse, C.; Goubault,
C.; Viovy, J.-L. Anal. Chem. 2004, 76, 3770.
(18) Dorfman, K. D. Phys. ReV. E 2006, 73, 061922.
(19) Mohan, A.; Doyle, P. S. Phys. ReV. E 2007, 76, 040903(R)
(20) Sevick, E. M.; Williams, D. R. M. Phys. ReV. Lett. 1996, 76, 2595.
(21) Nixon, G. I.; Slater, G. W. Phys. ReV. E 1994, 50, 5033.
(22) Underhill, P. T.; Doyle, P. S. Phys. ReV. E 2007, 76, 011805.
(23) Randall, G. C.; Doyle, P. S. Phys. ReV. Lett. 2004, 93, 05812(4)
(24) Mohan, A.; Doyle, P. S. Macromolecules 2007, 40, 4301.

Macromolecules, Vol. 41, No. 14, 2008
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)
(43)
(44)

Saville, P. M.; Sevick, E. M. Macromolecules 1999, 32, 892.
Sevick, E. M.; Williams, D. R. M. Phys. ReV. E 1994, 50, 3357.
de Gennes, P. G. J. Chem. Phys. 1974, 60, 5030.
Magda, J. J.; Larson, R. G.; Mackay, M. E. J. Chem. Phys. 1988, 89,
2504.
Larson, R. G.; Magda, J. J. Macromolecules 1989, 22, 3004.
Marko, J. F.; Siggia, E. D. Macromolecules 1995, 28, 8759.
Wong, P.; Lee, Y.-K.; Ho, C.-M. J. Fluid Mech. 2003, 497, 55.
Lumley, J. L. Phys. Fluids 1977, 20, s64.
Randall, G. C.; Doyle, P. S. Macromolecules 2005, 38, 2410.
Tang, J.; Doyle, P. S. Appl. Phys. Lett. 2007, 90, 224103.
Juang, Y.-J.; Wang, S.; Hu, X.; Lee, L. J. Phys. ReV. Lett. 2004, 93,
268105.
Long, D.; Viovy, J.-L.; Ajdari, A. Phys. ReV. Lett. 1996, 76, 3858.
Deutsch, J. M.; Madden, T. L. J. Chem. Phys. 1989, 90, 2476.
Volkmuth, W. D.; Austin, R. H. Nature (London) 1992, 358, 600.
Kaji, N.; Tezuka, Y.; Takamura, Y.; Ueda, M.; Nishimoto, T.;
Nakanishi, H.; Horiike, Y.; Baba, Y. Anal. Chem. 2004, 76, 15.
Patel, P. D.; Shaqfeh, E. S. G. J. Chem. Phys. 2003, 118, 2941.
Teclcmariam, N. P.; Beck, V. A.; Shaqfeh, E. S. G.; Muller, S. J.
Macromolecules 2007, 40, 3848.
Randall, G. C.; Doyle, P. S. Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
10813.
Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics; Oxford
University Press: Oxford, 1986.
Hsieh, C.-C.; Balducci, A.; Doyle, P. S. Macromolecules 2007, 40,
5196.

MA8010087

