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In this work, we report an alternative microfluidic approach to studying the motion of single DNA molecules
in an electric field. Making use of a closely fitting droplet in a microchannel, DNA molecules can be confined
within the submicrometer film beneath the droplet. Several dynamic events at the single-molecule level and
self-assembly phenomena at mesoscales are observed. We find that DNA can be trapped and stretched at the
entrance to the film due to entropic effects. After escaping the trap, DNA can exhibit cyclic stick-slip motion
with a field-dependent mobility owing to interim anchoring to surface surfactants. We also observe that, by
incorporation of surface modification effects with plasma oxidation, DNA can be combed onto the channel
surface at sufficiently high fields. In this case, upon removing the field, as-stretched DNA molecules can
aggregate into larger clusters or self-organize into mesoscale bundles aligned in the direction of the previously

applied field. The physics underlying these phenomena is discussed in detail.
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I. INTRODUCTION

Thanks to the recent advance in nano- and microtechnol-
ogy, it is now possible to realize programmable manipulation
of submicron objects on an integrated, miniaturized platform.
Among many efforts toward this end, manipulation of DNA
molecules has been drawing particular attention, because not
only can it provide a fundamental understanding of the rheo-
logical behavior of polymers [1,2], but it can also be applied
to extract genetic information [3]. A judicious control of the
motion of DNA in structured nanochannels further provides
an alternative for sizing DNA on a gel-free basis [4,5]. Be-
cause a DNA molecule comprises nucleotides that permit
physical and chemical binding to other substances, it can
also serve as a molecular template, through appropriate tai-
loring of its conformation, for realizing self-assembly of
nanostructures or construction of functionalized building
blocks [6]. However, as a DNA molecule is typically a long
polymer chain in the size of 10—1000 kilo base pairs (kbp)
and naturally appears in the random coil form, it must be first
unraveled by overcoming the elastic recoil of the chain with
a sufficiently large stretching force. More precisely, an ap-
plied stretching force must be exerted in such a way that it
produces large enough velocity or force gradients over a
DNA molecule to render a rapid extension of the chain
within a time scale 7., no greater than its characteristic re-
laxation time 7. That is, the Deborah number De=17/ 7., the
ratio between these two time scales, must be of the order of
unity or larger. In addition, when system length scales are
down to nano- or submicrometer levels, DNA must inevita-
bly change its conformation to minimize its free energy for
compensating the entropy loss due to confinement [4], which
provides an added advantage for controlling the manipula-
tion.

In view of the above, it is therefore most desirable to
manipulate DNA with nano- and microfabrication tech-
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niques. Many strategies have been developed along this line.
By tethering a DNA molecule on a surface or attaching it to
a bead, one can stretch it by pulling at its free end with
hydrodynamic flows [7], electric fields [8], and optical or
magnetic tweezers [9,10]. One can stretch a freely suspended
DNA molecule using hydrodynamic focusing [11] or force
and field gradients in nonuniform channel geometries such as
cross slots [12,13] and converging channels [3,14]. Other
techniques have also been shown to be effective to stretch
DNA molecules, including hooking of DNA over obstacles
[15], electrophoretically driven reptation in gel matrices or
nanopillar arrays [16], redirection of DNA in nanoslits [17],
and combing of DNA molecules onto a surface by a moving
interface [18,19]. The up-to-date developments for lineariza-
tion of DNA can be found in the recent review [20].

In this paper, we develop an alternative microfluidic ap-
proach to studying the motion of confined DNA molecules in
an electric field. Here we invoke a submicrometer film cre-
ated by a closely fitting microdroplet and utilize this interfa-
cial confinement for stretching DNA beneath the droplet.
Compared to existing methods, this platform has the follow-
ing features. First, the design constitutes only regular
100-um-sized microchannels. Hence, the fabrication is
simple; neither sophisticated geometries nor fine structures
are needed. Second, since the electric current must be main-
tained constant in any conductive passages and the droplet is
virtually insulated, the electric field in the film can be aug-
mented with a much greater intensity due to the narrowing of
the available cross sectional area for an applied field. This
feature not only facilitates stretching DNA [21], but also re-
duces the voltage needed for driving DNA molecules, which
eliminates potential bubble formation or Joule heating prob-
lems. Third, because of the large surface-to-volume ratio, the
submicrometer film can also render appreciable interactions
between confined DNA molecules and the channel surface.
Since such interactions can be regulated by modification of
the channel surface, the effects can further mediate the DNA
motion within the film. With these features, as we will dem-
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FIG. 1. (Color online) Experimental setup for stretching DNA
beneath a microdroplet with electric fields. (a) Microfluidic device.
(b) Blow-up view of the highlighted area in (a). A closely fitting
slug is generated in the channel system in the left and then redi-
rected to the designated section in the right (highlighted in red). (c)
Blow-up view of the slug section. (d) A confined DNA molecule
can deform and stretch due to the nonuniform electric field beneath
the cap of the slug during its entry to the film.

onstrate shortly, not only can a variety of single-molecule
events of DNA be realized, but also additional self-assembly
phenomena can emerge.

II. EXPERIMENTAL SECTION

Figure 1 shows the setup of our microfluidic system. The
system basically consists of two parts: one for producing a
closely fitting microdroplet, and the other for stretching
DNA beneath the droplet. The entire channel system is made
by polydimethylsiloxane (PDMS) and fabricated with stan-
dard photolithography techniques. After being sealed by a
glass substrate and assembled with tubing, the entire device
is treated by plasma exposure for 1-3 h, where the plasma is
operated at radio frequency of 8—12 MHz, power of 29.6 W,
and vacuum of 0.1-0.3 torr.

The DNA solution was made by preparing T4-DNA
(165.6 kbp, Nippon Gene) of 3 ug/ml in a pH=8 buffer
solution containing 10 mM Tris-HCl solution, 10 mM NacCl,
and 2 mM ethylene diamine tetra-acetic acid (EDTA) with
the addition of 4% 2-mercaptioethanol. The T4-DNA mol-
ecules were labeled with YOYO-1 fluorescence dye every
five base pairs. We further added 2.2% Tween 20 nonionic
surfactant (molecular weight 1228, Sigma) to the solution for
preventing the droplet from being in contact with the channel
wall. The conductivity of the solution is about 2000 uS/cm
and the corresponding thickness of the electric double layer
is 2 nm.
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The generation of the droplet was carried out in a cross-
slot microchannel according to the following procedures. We
first filled the channel with the solution, followed by inject-
ing silicone oil (50 cP, Fluka) at 100 ul/h in the horizontal
portion of the channel. After pumping the solution and sili-
cone oil at the respective flow rates of 43 and 100 ul/h, a
closely fitting oil droplet of 550 um in length was created.
This droplet displaced the solution and in turn created a sub-
micrometer film between the droplet and the channel surface.
To estimate the film thickness, we employ negatively
charged latex particles of various sizes and drive them into
the film with electric fields. Since the film now acts like a
sieving slit that allows smaller particles to enter but blocks
larger ones, we can estimate the film thickness as 0.92 um
by observing the behavior of these particles at the entrance to
the film. The microdroplet was then redirected to the desig-
nated channel (of 200 um in width and 120 um in height)
for observing the DNA motion under electric fields. The mo-
tion of DNA was set by dc voltage in the range 7—-70 V with
the corresponding electric field 30—300 V/cm within the
film. The dynamics of DNA molecules within the film were
visualized using a fluorescence microscope (Nikon 2000S)
with a 100X oil immersion objective lens, and recorded by
an intensified charge-coupled device camera (Cool SNAP
HQ?, Roger Scientific).

III. ENTROPIC TRAP BY INTERFACIAL CONSTRICTION

Upon the application of an electric field, DNA molecules
migrate toward the positive pole due mostly to electrophore-
sis because of the negative charge on the backbone, while the
droplet still remains stationary (unless the applied voltage is
higher than 90 V). Since DNA remains coiled in the bulk and
has the radius of gyration R,=0.97=0.16 um (taken from
images), it tends to be blocked by constriction in the menis-
cus region and hence can be trapped entropically at the
entrance to the film.

Figure 2 shows sequential images at the entrance of the
front meniscus beneath which a few DNA molecules can
escape the trap by just gaining enough energy at the critical
field of 28.5 V/cm. It clearly shows that these DNA mol-
ecules are temporarily trapped within the constriction fol-
lowed by conformation changes before extending out into
the film [Figs. 2(a)-2(c)]. After crossing the constriction,
they can travel through the film in a stick-slip manner [Figs.
2(d)-2(f)], which will be discussed later in Sec. IV. Although
an entropic trap has been previously reported using a
nanochannel with alternating constrictions [4], the phenom-
enon observed here is demonstrated using an interfacial con-
striction in a straight channel geometry. Note here that, while
DNA molecules can be jammed by the constriction, they can
still move along the cap and enter freely the lateral gap re-
gions, as these regions are 20 um wide and large enough to
allow micrometer-sized DNA globules to move in without
blockage.

Similar to the kinetic model sketched in Ref. [4], the ob-
served entropic trapping can be understood in terms of the
free energy landscape in the constriction region. This free
energy is given by

021901-2



ENTROPIC TRAP, SURFACE-MEDIATED COMBING, AND...

(b) t=1.407s

(c) t=1.672s

FIG. 2. (Color online) Snapshots of the DNA motion when
crossing the constriction beneath the front cap of the slug. The
images are taken at the critical field E=28.5 V/cm at which a DNA
molecule just gains enough energy to overcome the entropic barrier
set up by the constriction. A DNA molecule is first trapped at the
entrance (a) and (b). It undergoes conformation change and stretch
during translocation (c) and (d), and then escapes the trap (¢) and

().

AF = AFentropic + AFelectric’ (1)

which involves a competition between the increase in the
conformational entropic energy AFg,qqpic and the decrease in
the driving electric potential AFge.yic- As a confined DNA
molecule tends to extend itself and looks like a “stem flower
,” the associated free energy due to this conformation change
is

AF gpiropic = = (2R /1) kT + (x/€,)ksT > 0, (2)

where h is the film thickness, €, is the persistence length
(~100 nm) of the DNA, 2R, is the size of the coiled flower,
x (>¢,) is the length of the elongated stem, and kT is the
thermal energy. The first term is the entropic increase for the
flower when it is squeezed into the film by osmotic forces
from the DNA-rich bulk toward the DNA-scarce film [22].
The second term is the entropic loss for the stem due to the
extension of the chain.

On the other hand, the application of an electric field E
provides energy to compensate the entropic 10ss AFopic by
stretching and sucking the DNA into the film:

AF gecrric == a77/’LEx2 <0. (3)

This energy can be thought of as the work done by a pulling
force f~ muEx on the chain, where 7 is the viscosity of the
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FIG. 3. (Color online) Arrhenius plot of the measured trapping
time (symbols) against the inverse applied field within the film. The
solid line is the best fit with slope of 117.1 V/cm.

solution, u the mobility of the DNA, and «a a dimensionless
geometrical prefactor.

Combining Egs. (2) and (3), the height of the free energy
landscape, the least energy required to activate a DNA mol-
ecule to escape from the trap, is

AF kT == (2R /h)*" + (Ey/E), 4)

with Eg=(kgT/€,)/(4anut,) representing the characteristic
field for the activation. At weak fields, the barrier is infinitely
high and hence DNA is completely blocked by the constric-
tion, while it can readily enter the film at sufficiently high
fields. Thereby, there must exist a threshold field at which a
DNA molecule just overcomes the entropic barrier to cross
the constriction:

Ehreshold = (h/ZRg)5/3E0 . (5)

With the activation energy (4), we can obtain the trapping
time with the aid of the Arrhenius law:

Tirap = T0 eXp(AFmax/kBT) = Tcontact eXP(Eo/E) . (6)

Here  7eonte=To exp(_(ZRg/h)5/3)= 70 €XP(—Eo/ Eipreshold) 18
the contact time, whose inverse measures the frequency of a
coiled DNA in touch with the constriction; the larger the coil,
the more monomers can be exposed to the constriction and
hence there is a greater probability per unit time to overcome
the barrier [2]. Figure 3 is an Arrhenius plot for the measured
trapping time of DNA against 1/E, and clearly shows the
exponential relationship predicted by the present model. In
addition, with the fitted slope E,=117.1 V/cm, we obtain the
threshold field Eeqnoq=33.8 V/cm, which is in good agree-
ment with the measured value 28.5 V/cm.
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FIG. 4. (Color online) Sequential images of stick-slip DNA mo-
tion within the film at £=28.5 V/cm. An elongated DNA chain
exhibits cyclic stretch and recoil in its motion, suggesting that part
of the chain is attached to and then detached from the surface dur-
ing the journey.

IV. CYCLIC STICK-SLIP MOTION DUE TO INTERIM
ANCHORING WITH SURFACE SURFACTANTS

After escaping the trap by overcoming the entropic bar-
rier, a DNA molecule can readily enter the film with a
steeper electric potential gradient. However, it does not fully
relax back to a coil. As observed in Fig. 4, DNA seems to
“stick” and “slip” over the surface in a cyclic stretching-
recoiling manner. On some occasions, it can even be stuck
completely on the surface.

The observed stick-slip phenomenon is likely attributable
to occasional anchoring of an elongated DNA chain to the
surfactant sea on the surface. As shown in Fig. 5, because the
surface is hydrophilic owing to plasma oxidation, surfactant
molecules tend to reorient themselves with their hydrophilic
heads toward the surface while leaving their hydrophobic
tails exposed to the bulk, creating a surfactant monolayer
brush of about 10 nm in thickness on the surface. As an
unraveled DNA molecule can also expose its less hydrophilic
ends [23], it is more likely to be anchored by the hydropho-
bic brush of surface surfactants. With this anchoring, DNA
can therefore be tethered at the surface, making itself more
extendable under the pulling action of the electric field. In-
deed, this anchoring is borne out by the evidence that more
DNA molecules can be combed on the substrate with longer
plasma exposure, which will be shown later in Sec. V. In
contrast to Ref. [5], in which DNA can exhibit conformation
changes in nanochannels due to surface roughness effects,
we find, with the aid of atomic force microscopy (not

FIG. 5. (Color online) Schematic illustration of how a DNA
molecule is anchored by a surfactant brush on the surface.
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FIG. 6. (Color online) Mobility of T4-DNA (165.5 kbp) within
the film as a function of applied field. Red symbols are the mea-
sured data. Solid line is the fitted curve using Eq. (7).

shown), that surface roughness cannot be responsible for the
observed phenomenon because the variations of the rough-
ness are of nanometer size and much smaller than the film
thickness. The roughness caused by the surfactant brush is on
the order of 10 nm and hence the effects are again insignifi-
cant.

Such anchoring, however, is not always strong enough to
keep an elongating DNA bound to the surface, as the stretch-
ing electric force can also pull the DNA and cause it to
detach from the surface. If the anchoring lifetime is long
enough to allow a DNA molecule to be stretched further, this
linearized DNA will become more susceptible to being
combed onto the surface. Otherwise, part of the DNA chain
will be temporarily attached to the surface before being
pulled away by the electric field. In this case, an elongating
DNA molecule, because of its gradually increasing tension,
will eventually be detached from the surface, followed by
immediate recoil from its detached tail toward the free-
moving head. As the DNA now can repeatedly undergo at-
taching, stretching, detaching, and recoiling during its jour-
ney, its motion looks as if it were sliding and hopping over
the surface, leading to the cyclic stick-slip phenomenon
observed in Fig. 5.

The observed stick-slip DNA motion somewhat resembles
the surface electrophoresis phenomenon reported previously
[24]. As shown in Fig. 6, the DNA mobility grows linearly
with the field at low fields, but reaches a plateau at high
fields. In the low-field regime, because the DNA speed is
slow, the anchoring time is long, making DNA more inclined
to be retarded by the surface. At sufficiently high fields,
DNA can move so fast that it can travel freely without being
in contact with the surface. There seems to be a small bump
in the measured mobility data at E~ 150 V/cm, after which
the mobility is nearly constant. This could be attributed to
local surfactant buildup (depletion) on the front (rear) part of
a DNA molecule when it travels in a surfactant-rich solution
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(in which the surfactant concentration is much higher than
the critical micelle concentration). The effect could create a
small osmotic pressure difference across the DNA molecule
and hence slightly speed up or slow down its motion.

To quantify the mobility behavior shown in Fig. 6, we
follow Ref. [24] to write the translational mobility s in
the simple form

Mirans = /'LOC(] - EY/E)’ (7)

with u., being the mobility of a free DNA molecule when the
applied field E is sufficiently high. Here, E (<E) is the least
field required to drive DNA by overcoming the surface drag,
which depends on the fraction of the DNA chain attached
onto the surface and on the friction coefficient between the
chain and the surface [24]. It is also clear that E must be
higher than Ej.q01q» Which is the prerequisite for DNA to
enter the film. Fitting the data with Eq. (7), we find w.,
=(6.06+0.098) X 10™* cm?/s V and E,=14.75 V/cm. Be-
cause DNA spends the trapping time 7y, at the entrance and
the translation time 7i00=L/(fyansE) crossing the film of
length L, it takes time 7= T+ Tyruns t0 complete the entire
trip. As the mobility is inversely proportional to the associ-
ated time scale, the apparent mobility reads

_ _MuansTirans
Mapp =

Mirans (8)
Tirap * Tirans 1+ /*LtransE Tlrap/ L

As aresult, u,, is controlled by the process with the longer
time scale. That is, in the “translation” mode Tiung™ Tiraps
Mapp= Miganss Otherwise, pu,on = o = (L/ E)/ Ty in the “trap-
ping” mode Tyn < Tyrap- AS Uypp Clearly depends on the size
of the DNA, Eq. (8) might suggest potential DNA separation
with the combined effects of entropic trapping and surface
electrophoresis. A successful separation might be better real-
ized using a series of microdroplets in which the mobility
difference between different DNA molecules can become
more apparent by alternate switching between the trapping
and translation modes.

V. MOLECULAR COMBING AND SELF-ASSEMBLY
OF STRETCHED DNA MOLECULES

In the previous section, we have demonstrated that an
elongated DNA molecule can be temporarily anchored by the
surfactant brush on the surface due to its hydrophobic affin-
ity to the likewise hydrocarbon tails of these surfactants,
leading to the observed stick-slip phenomenon. As this hook-
ing effect is created by the absorbed surfactants on the sur-
face, we increase the adsorption of the surfactant on the sur-
face by increasing the hydrophilicity of the surface with 3 h
exposure to plasma oxidation. By doing so, DNA will be-
come more susceptible to being tethered by denser surface
surfactants, hence making itself more stretchable by an elec-
tric field.

As evidenced in Fig. 7(a), a DNA molecule can be ex-
tended to as much as 20—30 wm in length, which is about
50% of its contour length 56 um
(=0.34 nm/bp X 165.6 kbp) [25]. In addition, more DNA
molecules are combed onto the surfactant-coated surface.
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FIG. 7. Reversible molecular combing of DNA assisted by more
surfactants absorbed on the surface after 3 h plasma exposure. (a)
Initially, DNA molecules are stretched and combed under an elec-
tric field E=145.7 V/cm. (b) and (c) depict the relaxation of these
DNA molecules after removing the field. (d) The combing immedi-
ately recovers when the field is rebooted.

The phenomenon becomes even more apparent at large
fields, because stretching of DNA can be promoted by large
fields and more DNA molecules can be fed into the film at
higher supply rates. These DNA molecules, however, are not
bound to the surface indefinitely, as they can still undergo
chain relaxation [Fig. 7(b)] when the field is removed. As
shown in Figs. 7(c) and 7(d), the combing immediately re-
covers at the moment when the field is rebooted during the
relaxation. The observed relaxation process takes 2-6 s,
which is relatively long compared to the typical relaxation
time of DNA in micrometer-sized confinement [26]. This
finding suggests that a stretched DNA molecule could be
entangled with surface surfactants, which leads to a decrease
in its chain mobility and hence is responsible for the long
relaxation observed in the experiment.

In addition, we observe another phenomenon beyond the
usual chain relaxation. As shown in Fig. 8, after removing
the field, recoiling DNA molecules can flocculate among
themselves. The flocculation appears long range, as these
DNA molecules can aggregate into a larger cluster at a dis-
tance of 20 um. The time scale for such a self-aggregation
process is about 20 s and hence much longer than the typical
DNA relaxation time, suggesting that additional effects must
be at play.

A plausible cause for the observed DNA flocculation
might be osmotic attraction between localized DNA aggre-
gates. Set up by a cloud of stretched DNA molecules on the
surface, these aggregates form due to short-range van der
Waals attraction between the DNA molecules. As such ag-
gregates contain many more DNA molecules than the bulk
(of concentration far below the overlap concentration c*
~300 wg/ml [27]), they behave like swollen globules with
buildup of osmotic pressure therein. Accordingly, an aggre-
gate of size R containing monomers of number n has an
osmotic pressure I1~ kgzTn/R3. Taking into account excluded
volume effects, we find, with the aid of Flory’s scaling R
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FIG. 8. (Color online) Long-range flocculation of stretched
DNA molecules after field E=223.0 V/cm is turned off at ¢
~0.06 s. Small DNA aggregates self-migrate [along the paths in (c)
and (d)] into a larger cluster [indicated by arrows in (e) and (f)].

o33 that this pressure varies as 1/ R*3 [22]. Hence, a larger
aggregate actually acts like a lower-pressure “sink,” tending
to drain smaller aggregates around it. As a result, small ag-
gregates will coalesce because of their size differences and
larger clusters will continue to grow by attracting smaller
ones, giving rise to collective flocculation of DNA mol-
ecules. According to the Kedem-Katchalsky law [28], the
sink induced by a larger aggregate creates an inward osmotic
flow of velocity Uy~ L,II around its periphery, where L,
measures the hydraulic permittivity of the water flow. For
small aggregates at a distance r away from larger ones, the
former will drift toward the latter at a speed of U
~ U,(R/r) due to the inward osmotic flow (here the flow can
be thought of as nearly two dimensional because it occurs on
the surface). As such an osmotic suction decays at the rate of
7~!, DNA molecules can be gathered remotely, thereby lead-
ing to the long-range flocculation observed in Fig. 8.

We also find that the combed DNA molecules at large
fields can even develop into bundles after the field is re-
moved, as shown in Fig. 9. As these bundles appear aligned
with the previously applied field direction, this suggests that
stretched DNA molecules can still maintain their extensions
during aggregation. In other words, the relaxation time of
these DNA molecules becomes prohibitively long (due to
much stronger surface binding) compared to the time scale
associated with aggregation between the chains (due to much
denser combing).

The observed DNA bundles can be attributed to the com-
bined effects of surfactant-assisted combing, short-range
cross linking, and long-range osmotic attraction of stretched
DNA molecules. When the anchoring effects are enhanced
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FIG. 9. Formation of DNA bundles. Compared to Fig. 8, the
applied field £=256.9 V/cm now is higher and more DNA mol-
ecules are combed onto the surface. After removing the field at ¢
~0.06 s, the combed DNA molecules can self-organize into
bundles due to cross links between the elongated chains.

by increasing the surfactant brush density on the surface,
DNA can exhibit a longer extension under the pulling action
by the electric field, and hence has stronger binding to the
surface with surface surfactants. Now, as more DNA mol-
ecules can be fed into the film and combed onto the surface
at high fields, much denser combing of DNA can result. Af-
ter removing the field, while these much extended DNA mol-
ecules relax gradually, they can still undergo transverse fluc-
tuations along the chains during relaxation. Since such
fluctuations can increase the contact between nearby, slowly
relaxing DNA chains, the effects will lead to attraction be-
tween the chains due to short-range van der Waals forces.
Such interchain attraction can be thought of as the interac-
tions between two parallel rods, and the associated van der
Waals force can be roughly estimated as CLa~%r~°, where C
is the coefficient of the pair potential (of ~107"7J m®), L
(~20 wm) the chain length, a (~2 nm) the diameter of
DNA, and r the separation between the chains [29]. For the
nanometer-sized interchain separation, the estimated attrac-
tion force can be as large as piconewtons. Because DNA
molecules now become greatly extended and bound by the
surface surfactants, they will take a long time to relax. Also,
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because these DNA chains are combed on the surface in a
rather dense manner, they will cross link laterally through the
van der Waals attraction and hence become entangled with
each other. Obviously, such self-entanglement is not spatially
uniform and at some point must be counterbalanced by elec-
trostatic repulsion or self-avoiding effects between the
chains. Consequently, these entangled DNA molecules will
sooner or later turn into aggregates of different sizes. As
these aggregates can continue to grow into larger islands due
to the long-range osmotic attraction mentioned earlier, they
eventually clump into the DNA bundles observed in Fig. 9.

As dense combing of DNA molecules is the prerequisite
for the observed self-organization phenomena, the confine-
ment effects created by the submicrometer film and the an-
choring effects due to surface surfactants furnish the ingre-
dients needed for the combing. Also, because the dispersion
behavior of the combed DNA molecules strongly depends on
their interactions with surface surfactants, the question of
whether these DNA molecules can form a distinct phase with
aggregates at large seems to resemble spinodal decomposi-
tion or coalescence of microdroplets in the context of the
classical phase transition phenomena of binary mixtures
[30]. The observed DNA bundles also seem somewhat analo-
gous to self-assembled or phase-segregated liquid crystal
molecules [31] in the sense that the phenomenon is a result
of cross links between stretched DNA molecules, similar to
the formation of anisotropic crystal structures driven by ex-
ternal fields. Detailed accounts of these phenomena require
more thorough studies on how confined DNA molecules in-
teract with surface surfactants with and without electric
fields.
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VI. CONCLUDING REMARKS

In this work, we employ a submicrometer film created by
a closely fitting microdroplet and utilize this film to study the
motion of confined DNA under the actions of an electric
field. Several phenomena, such as entropic trapping, stretch-
ing, and escape of DNA, can be realized using this approach.
This is a demonstration of single-molecule dynamics using
interfacial confinement in a straight channel geometry. We
also find that a confined DNA molecule can be dragged by
surface surfactants and exhibit stick-slip behavior with a
field-dependent mobility. In addition, with surfactant anchor-
ing enhanced by surface modification effects, DNA mol-
ecules can not only be combed onto the surface, but can also
self-aggregate into larger clusters after the field is removed.
In the latter scenario, as-stretched DNA molecules can form
mesoscale bundles due to crosslinks between themselves.
This report unveils these unusual self-assembly phenomena
of confined DNA molecules.

In conclusion, the use of a readily prepared microdroplet
in creating confinement effects provides a relatively simple
approach to trapping or stretching DNA molecules. As the
motion of confined DNA can be further mediated by the
interactions with the channel surface, this platform also of-
fers the advantages of molecular combing and self-assembly
of DNA.
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