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We show that arrays of nanopit structures etched in a nanoslit
can control the positioning and conformation of single DNA mole-
cules in nanofluidic devices. By adjusting the spacing, organization
and placement of the nanopits it is possible to immobilize DNA
at predetermined regions of a device without additional chemical
modification and achieve a high degree of control over local DNA
conformation. DNA can be extended between two nanopits and
in closely spaced arrays will self-assemble into “connect-the-dots”
conformations consisting of locally pinned segments joined by fluc-
tuating linkers. These results have broad implications for nanotech-
nology fields that require methods for the nanoscale positioning
and manipulation of DNA.

nanofluidics | polymer confinement | self-assembly | DNA conformation

ontrolling the on-chip organization and conformation of

DNA is important for a number of interrelated nanotech-
nology disciplines. Nanofluidic devices for DNA analysis require
methods for immobilization of DNA probes at specific points (1,2)
and stretching molecules, i.e., optical mapping of the genome (3).
From a “bottom-up” perspective, DNA is emerging as an impor-
tant nanomaterial in its own right that can serve as a scaffold for
the synthesis of nanowires (4, 5), nanoparticles, and more compli-
cated structures (6). There is a growing need for methods that
can combine these self-assembly based fabrication methodolo-
gies with structures made in a clean room by using standard tools
like photolithography, electron beam lithography, and reactive ion
etching (7).

When the device scale falls below the characteristic size of the
molecule in free solution (the radius of gyration R, ) confinement
will affect DNA conformation. One striking consequence is the
spontaneous stretching of DNA in 1D nanochannel devices (8-
11). Confinement in 2D nanoslit devices results in suppressed
DNA diffusion and modified transport properties (11, 12). We
introduce a type of nanostructure consisting of a nanoslit with a
built-in spatial modulation of confinement created by arrays of
embedded nanopits. Nanopits are square depressions in a 50- to
100-nm-deep nanoslit with a width in the range of 100-500 nm
and a depth of 100 nm, as shown in Fig. 1. If the slit height is
below the radius of gyration DNA will actively “feel” the nanoto-
pography as a free-energy landscape. The more confined regions
will impart a greater free energy to the DNA resulting in a spon-
taneous segregation of molecule contour into the nanopits. The
molecule will adopt a conformation consisting of filled pits bridged
by fluctuating linkers extending into the slit (Fig. 1B). Depending
on the lattice spacing and nanopit size the molecule will fill a sin-
gle pit or span multiple pits. In practice, this means that nanopits
can be used to control where DNA is immobilized in a nanoflu-
idic device and use DNA molecules to link specific points on a
chip. For example, the nanopits might be used to connect DNA-
based nanowires between electrodes in a nanofluidic system (4).
Moreover, because the biotin-streptavidin bond can be used to
couple DNA to a variety of additional labels or colloidal objects
(14), the self-assembly of DNA in the nanopit arrays might be
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used to incorporate additional structure not easily obtainable via
a traditional top-down fabrication approach.

The nanopit lattice also serves as an ideal physics laboratory for
studying the effect of nanoconfinement on polymer configuration
(15). The nanopit lattice forces the polymer to adopt an effectively
quantized conformation: each conformation can be characterized
by N, the number of pits occupied. This simplifies the analysis;
instead of attempting to extract the radius of gyration of the coil
from careful image analysis, one simply counts how many pits are
occupied for each frame. Moreover, the polymer conformation in
the lattice is a sensitive function of the balance between the free
energy of the DNA in the nanopits and the DNA in the nanoslit.
Thus, the nanopit lattices can potentially be used to test scaling
theories for the free energy of cavity- and slit-confined DNA (15—
18). In this respect, the nanopit lattices discussed here, as they
are lithographically defined, have advantages over the structures
created by colloidal templating discussed in ref. 19, in partic-
ular, the ability to arbitrarily vary nanopit size and separation.
Last, the nanopit-confined DNA exhibits a number of intriguing
physical properties. Molecules can exhibit thermally driven fluctu-
ations between states of different N. Long-lived metastable states
can be formed by applying pressure-driven flow to stretch DNA
between two nanopits. As a first step to understanding the under-
lying physics of this problem we introduce a free energy based
on polymer-scaling theories that accounts for the net stabilization
created by the filled nanopits.

Experimental Methods

The devices were fabricated on fused silica wafers (HOYA) via
a 3-stage process coupling electron beam and UV contact litho-
graphy. The nanopits were defined by using electron beam lith-
ography (JEOL) in zep520A resist (20) and then transferred to
the underlying silica via CF,:CHF; reactive ion etching (RIE).
Contact UV lithography was used to expose a 450-um-long and
50-pum-wide nanoslit in photoresist which was then etched over
the nanopit array to depths of 50 and 100 nm. To introduce buffer
into the nanoslit, a last UV contact lithography and etching step
was used to define a 50-um-wide microchannel 1 um deep in 2
U-shaped arms on either side of the nanoslit leading to circu-
lar reservoirs. Loading holes were sandblasted in the reservoirs
and the chip was sealed by using direct quartz-quartz bonding to
150-um-thick fused silica coverglass (Valley Design), permitting
the use of high numerical aperture oil immersion objectives. Etch
depths were measured via tapping mode atomic force microscopy
and a profilometer.

Experiments were conducted with A-phage DNA (48.5 kbp, L =
16.5 um, New England Biosciences) and 74 DNA (T4GT7 DNA,
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Fig. 1. Chip design. (A) Schematic of chip design showing microchannel
arms connecting the circular reservoir pads to the nanoslit (yellow). (B) An
enlarged 3D view of the nanopit lattice in the nanoslit with a cartoon DNA
molecule (red) spanning 3 pits. (C) SEM images of 300 x 300 nm nanopits at
high and low magnification.

166 kbp, L = 56.4 um, Nippon Gene through Wako). The DNA
was dyed with YOYO-1 fluorescent dye (Invitrogen) at a concen-
tration of 1 dye molecule per every 5 base pairs. Staining the DNA
increases the contour length, resulting in a A and 74, DNA contour
of 21 pmand 71.8 um, respectively (10). The single-molecule mea-
surements were made with a fluorescence videomicroscopy system
consisting of a Nikon Eclipse TE2000 inverted microscope, 100x
N.A. 1.4 oil-immersion objective coupled to an EMCCD camera
(Princeton Instruments, Cascade). The chip was mounted on a
chuck via o-ring seals. The chuck was designed so that pneumatic
pressure could be applied to bring fresh DNA into the nanoslit
from the micro loading channels. The running buffer chosen was
0.5xTBE (44.5 mM tris and borate with 1 mM EDTA). In addi-
tion, 3% 2-mercaptoethanol was added to suppress bleaching and
photoknicking of DNA.

Results and Discussion

DNA in Nanopit Arrays. Once DNA is brought into the nanoslit from
the microchannel, the molecules interact with the nanopits and
spontaneously self-assemble into configurations consisting of a
number of filled pits connected by fluctuating DNA linkages. The
nanopits were arranged in a square lattice with a different pit-to-
pit spacing, /, every 50 um across the device so that a number of
different lattice spacings could be explored in a single experiment
(lattice spacings of 0.5, 1, 2, 5, 10, 15, and 20 um were investi-
gated). Fig. 2 shows examples of DNA molecules interacting with
300x300 nm pits, etched 100 nm deep embedded in a nanoslit
100 nm high. As the lattice spacing increases, the DNA subtends
fewer pits until the molecule is completely stretched out between 2
pits. Further increase in the lattice spacing will result in single-pit
occupancy. Note that, with the exception of 7, DNA in the 5-um
lattice (Fig. 2H), the DNA does not tend to extend outside the
end pits. In this one exceptional case, the amount of overhanging
contour was not constant but tended to fluctuate as contour was
exchanged with the central linkers.

In addition, the molecules are observed to undergo abrupt tran-
sitions between lattice states of varying N (see Fig. 3C-E). A
natural approach to image analysis is to integrate the total inten-
sity within boxes registered to the lattice. Each box defines a data
collection channel (Fig. 34) and an entire movie can be reduced
to a set of time courses for the fluorescence of each nanopit (Fig.
3B).The integrated pit fluorescence undergoes clear jumps above
baseline when the pit is filled so that a simple threshold can be
applied to count the number of filled pits. The percentage of
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Fig. 2. Fluorescence micrographs of A- and T4-DNA in arrays of 300 x 300
nm nanopits etched 100 nm deep with a surrounding 100-nm-deep slit. A-D
show A-DNA in arrays with lattice spacings of, respectively, 0.5 um, 1.0 um, 2.0
um, and 5.0 um. E-I show T4-DNA in arrays with lattice spacings of, respec-
tively, 0.5 um, 1.0 um, 2.0 um, 5.0 um, and 10.0 um. (Scale bar, 5 um.) Note
thatin D, the true equilibrium conformation is in fact the single-pit state. The
stretched configuration is metastable and decays on a timescale of minutes.

time the DNA spends in dimer, trimer, tetramer (etc.) configu-
rations and in particular, the average pit occupancy (n), can be
measured (see Fig. 5B). Increasing the lattice spacing reduces the
number of accessible states. In the 2-um lattice, A-DNA spends
the greatest time in the dimer configuration (Fig. 3E) whereas
in the 0.5-um lattice, states with N varying from 4 to 6 are of
comparable probability (Fig. 3C). As the DNA tends to migrate
in the slit via repeated transitions to and decays from states of
higher occupancy, increasing the lattice spacing also suppresses
diffusion. The A-DNA is almost completely immobilized at lattice
spacings >2 pum.

Reisner et al.
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Fig. 3.

Image analysis protocol. (A) Example fluorescence image of A-DNA in 300 x 300 nm nanopits with 1-um spacing. The data analysis procedure involves

integrating the fluorescence of boxes registered to the lattice (as shown). (B) Nanopit data channels for the molecule in A. The color of the data channels
corresponds to the color of the boxes in A from which the data were obtained. The orange boxes are noise channels never occupied by the molecule during the
course of the movie. A threshold can be applied to the integrated pit intensity to count the number of occupied pits as a function of time, shown in D. (C-E)
The total number of filled pits as a function of time and representative fluorescence images taken 20 s apart for 300 x 300 nm nanopits with a 0.5-xm nanopit
spacing (C), 1-um nanopit spacing (D), and a 2-um spacing (E). Insets show the histogrammed occupancy probability Py for the varying states accessed. (F)
The histogrammed occupancy probability Py for the 300 x 300 nm nanopits with a spacing / = 0.5 um. The red bars are the data for the molecule in C, the
open bars with errors correspond to the mean values and standard deviations of Py for 14 molecules imaged in the 0.5-um lattice and the blue bars are a

theoretical prediction.

Theory to Predict Average Nanopit Occupancy. A simple model explains
the observations above and predicts the DNA configurations
observed in a given lattice geometry. Consider a nanopit lattice
with traps that have width a, depth d, nanopit spacing /, and slit
height 4. The molecule has total contour length L partitioned
between N filled pits and N — 1 linkers (Fig. 4). We choose
not to include off-lattice diagonal linkers. While diagonal link-
ers are formed, due to the longer spring extension of diagonal
linkers, they are suppressed relative to on-lattice linkers, as is
evident from Fig. 2. Each pit contains contour length L, (for
given N the average contour stored in each pit must be equal
because the pits are identical) so that the contour of each linker,
Ly is given by L = NL, + (N — 1)L,. Finally, we assume that a
particular lattice configuration has reached a local equilibrium,
i.e., that the timescale for transition between states of differ-
ing occupancy is greater then the relaxation time of a particular
configuration.

DNA spontaneously self-assembles in the nanopits because of
the decrease in free energy when contour fills the (locally) less
confined pit regions. Each filled pit will lower the energy by an
amount F,(L,) — Fy(L,), where F,(L,) is the confinement free
energy of contour L, if placed in the pit and F(L,) is the confine-
ment free energy of the contour L, placed in the slit. Moreover,
chain connectivity requires that DNA be stretched out a distance
I between the pits to form the linkers, costing additional energy.
Each linker will contribute spring energy Fpring (L, ) (the energy
required to stretch DNA of contour L; a distance /). The total
change in free energy due to the effect of the nanopit lattice on
the molecule configuration is then:

Reisner et al.

AFor = N(Fp(Lp) = Fs(Lp)) + (N = D)Fspring (Ls, ). 1]

We can use polymer physics scaling arguments to determine how
the terms in Eq. 1 depend on L,,.

The confinement free energy of DNA in the slit is proportional
to the total contour in the slit. This is a property of all available

o o1

(Fle—

Fig. 4. A 2D schematic of the nanopit arrays giving the definition of the pit
spacing /, pit width a, the contour per pit Ly, and contour per linker L. The
pit depth is denoted by d and the slit height by h.
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theories for Fy (21-23) that follows from the extensivity of the free
energy. Thus, Fy(L,) is given by:

F,/ksT = Ay(h, P)L,. 2]

The constant A4; is a prefactor that depends on the slit height and
the DNA persistence length P. The particular scaling of F; with A
depends on the ratio 4/P. Brochard-Wyart suggests that forz > P
the confinement energy of the chain in the slit is that of an ideal
polymer (22)

P
ABY ~ i [3]
In the regime where & < P, the Odijk regime, A2 = ETEIE
(23). The persistence length is ~50 nm, but there is evidence that
staining with YOYO-1 increases P by roughly the same factor that
the dye increases the contour length (24), so we estimate that P ~
64 nm.
The confinement free energy of contour L, placed in a nanopit
is given by (18)

Fp/keT = Ay(d,a,h,P)L, + B(d,a,h,w)L;. [4]

The first term in Eq. 4, linear in L,, is the entropy loss for an ideal
chain confined in a cavity of dimension (& + d) x a x a (18, 25):

1 2

This term will combine with A4, defined via Eq. 2, to form a con-
stant A = A; — A, that gives the entropy gain per unit contour
when a molecule is transferred from the pit into the slit. The sec-
ond term in Eq. 4 arises from the excluded-volume interactions
experienced by the DNA in the pit. The term scales as the number
of possible binary interactions between DNA segments in the pit
(3L32) divided by the pit volume Vi = (h + d)a? (16):

w

B~ .
Vpit

(6]

The quantity w is an effective chain thickness that can take
into account ionic-strength-dependent electrostatic interactions
enhancing the DNA self-avoidance (10, 26, 27). We can, in fact,
prove that the excluded volume term is crucial to explaining our
observations. Note that, for the case N = 1, Eq. 1 predicts that
AFior = Fy(Lp) — Fy(Ly) = —AL, +BL12,. If B = 0, then the free
energy is minimized when the entire molecule falls into the pit,
contrary to what we observe in Fig. 2D where only a portion of the
molecule occupies the nanopit in the N = 1 case.

We estimate that w ~ 9 nm in our buffer conditions (28-30).
The value of weg used is obtained from the estimated ionic strength
of 0.5x TBE with 3% 2-mercaptoethanol (30 mM) and reported
measurements of the effective width (28). To calculate the ionic
strength of 0.5 x TBE, we have used the pK of Tris (8.1), boric acid
(9.24) EDTA (1.99,2.67,6.16, 10.26), and 2-mercaptoethanol (9.6)
and solved the full system of chemical equilibria (29) to obtain
the concentrations of dissociated species. The EDTA is predom-
inantly trivalent at the pH used. Ionic strength corrections to the
equilibrium constants were handled via the Davies equation (30).

Last, the N — 1 linker terms will contribute spring energy Fpring.
In general, this spring energy can be obtained from integrating
the force-extension curve for a worm-like chain, given to good
approximation by the Marko-Siggia interpolation formula (31).
The Marko-Siggia formula has been widely successful in interpret-
ing the stretching of DNA in response to an applied force for both
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Fig. 5. Occupancy statistics. (A) The probability of a z-DNA molecule occu-
pying states with N = 1-8 as a function of lattice spacing / (h =100 nm, a =300
nm, and d = 100 nm). (B) The averaged occupancy for A-DNA as a function of
lattice spacing /. Error bars shown, which are comparable to the size of the
data points, are the standard deviation of measurements over 10 molecules.

unconfined molecules (32) and molecules in slit-like confinement
(33). The resulting spring energy is:

2 1
Fspring(Ls>l)/kBT = 2PL3 (1 + 2(1 — ) . [7]

Note that, when //L is small, Eq. 7 necessarily reduces to the for-

mula for the energy of an entropic spring Fyping = % (21). When
1/L; is close to unity we recover the correct high force spring energy
Fipring = f? ﬁ (34).

The free energy defined via Egs. 1, 2, 4, and 7 can be minimized
to find the equilibrium contour (L,) placed in the nanopits as a
function of N. Note that, although we do not explicitly include con-
tour extending past the end pits (in accordance with experimental
observations), the energy minimum will be obtained when there is
no overhanging contour, as the linker entropy will be maximized
in this case [Thermal fluctuations about the equilibrium configu-
ration, however, can still in principle drive contour past the end
pits, particularly when the central linkers are weakly extended (so

Reisner et al.
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Metastable conformations. (A) The decay of a A-DNA dimer to a monomer state for h = 100 nm, a = 300 nm, d = 100 nm, and / = 5 um. Time runs

from top to bottom with each image 0.24 s apart. The dimer state existed for about 50 s (only a portion of the movie around the decay event is shown). (B)
The formation of a A.-DNA dimer state in a slit with h = 50 nm, a = 300 nm, d = 100 nm, and / = 10 um. Time runs from top to bottom with each image 0.24 s
apart. These states last in excess of 3 min. (C) The decay of a T4-DNA trimer state to a dimer with h = 50 nm, a = 300 nm, d = 100 nm, and / = 20 um. Time
runs from top to bottom with each image 0.45 s apart. The trimer state existed for 2 min before decaying. (D) A schematic illustration of the decay of a dimer
state. Initially the molecule is suspended between 2 pits. The contour in each pit L, fluctuates around the average (L,,) for the dimer configuration. A thermal
fluctuation then empties the right pit and the linker recoils to the remaining filled nanopit which gains contour. Eventually, the molecule is left in a monomer
state with the remaining nanopit containing contour (Lqp). (E) The free energy as a function of nanopit contour L, for a dimer and monomer state with a =
300 nm, d = 100 nm, and / = 5 um (corresponding to the situation in A). The nanopit empties when a fluctuation drives L, to the origin, corresponding to
crossing the energy barrier U,. Once L, = 0, the molecule will recoil to the remaining nanopit and reach the monomer conformation (corresponding to the

lower curve). (Scale bar, 5 um.)

that their spring constants are low).]. Inserting (L,(/NV)) into Eq. 1
yields the energy of a state with N occupied pits AFo:(N). Using
AF«(N) we can evaluate the occupancy probability of each of
these states in equilibrium:

_ AFtot(N)
Py = Qpne kpT /Z [8]
with Z the partition function:
_ AFot(N)
Z=> Que T . [91
N

The degeneracy Qy is the number of configurations possible on
the lattice for N occupied pits. This is the number of translation-
ally and rotationally unrelated self-avoiding walks with N steps on
a square lattice that we obtain from ref. 35. Using Py we can then
compute thermodynamically relevant parameters, for example,
the average occupancy (n) = ), NPy.

The theoretical model predicts that a discrete spectrum of
energy states AF,(N) will be available to a molecule. Stable
states are predicted that have both negative and positive AFi.
The negative states with AFy/kgT < —1 can form spontaneously
in equilibrium, resulting in the behavior shown in Fig. 2. In Fig. 54

Reisner et al.

we show the occupation probability predicted by Eq. 8 for A-DNA
as a function of lattice spacing. The theory predicts for A-DNA that
the molecule will tend to fluctuate between a number of neighbor-
ing states at lattice spacings < 0.5um, will fluctuate between 3 and
2 states at / =1-3 um and will occupy only a single pit at/ > 4um.
The average nanopit occupancy predicted by theory fits well to the
experimental measurements (Fig. 5B). A least-squares fit yields
A=40+1pum™" and B = 0.49 £ 0.05 um? (errors bars give 95%
confidence on parameters). Using Eqs. 3 and 5 we estimate that
A =A;—A, ~3.4 um~. Eq. 6 suggests that B ~ 7 ~ 0.5 um™2

(we have used w &9 nm). Our results are thus numerically consis-
tent with the order of magnitude predicted by theory. In addition,
the fitted values of 4 and B can be used to predict the probability
distribution Py of a molecule among states of varying N. We find
that the theory yields excellent agreement with experiment in the
nontrivial case of / = 0.5 um (Fig. 3F).

Metastable States. The states with positive AF(/V) are metastable.
These will not form spontaneously but can be created by the
application of an external force. Once formed, these states will
remain stable over a timescale 7 as the cost of pit-to-pit con-
tour transfer creates a significant energy barrier preventing the
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immediate decay of the state. For example, in the device with
300x300 nm nanopits, # = 100 nm and / = 5 pum dimer states
do not form spontaneously. It is possible, however, to transform a
N = 1stateintoa N = 2 state by applying a small pulse of pressure
to stretch the molecule out between the pits and then releasing the
pressure once the molecule fills the second pit. Once formed for
this particular geometry, dimer states will last for ~ 1 —2 min and
then decay back to N = 1 (Fig. 64). Although it is not possible
to form strongly stretched long-lived metastable states with a 100-
nm-deep slit, decreasing £ increases the energy barrier and allows
for greater stretching and longer-lived states. Decreasing the slit
height to 50 nm, for example, it is possible to stretch A-DNA out
between 2 pits spaced 10 um apart (Fig. 6B). This extension is com-
parable to that observed in 100x 100 nm nanochannels (9). This
stretched state lasted >3 min, relevant for optical mapping appli-
cations. Furthermore in the 50-nm device we were able to stretch
T4-DNA between 3 pits spaced 20 um apart (Fig. 6C) although
this state decayed to the dimer configuration after 2.0 min.

Coupling Kramers theory of barrier crossing to Eq. 1, it is
possible to estimate the timescale t for decay from a state with
occupancy N = 2 to N = 1 (the same arguments can be extended
to decays from states of larger N). Consider a fluctuation that
drives all contour L, from the pit to the adjoining linker (Fig. 6D).
Once the contour has been completely drained from the pit, the
transition to a lower-energy state will occur immediately as the
adjoining linker recoils to the pit that remains filled. This scenario
can be modeled as a Kramers problem for escape from a minimum
at L, = (L,) in the potential U(L,) = AFo(N = 2,L,)/ksT to
a perfectly absorbing barrier at L, = 0 (Fig. 6E). The escape rate
for such a problem can be estimated from (36)

R= Jz?k‘le'(O) U"((L,)) exp (—=Us) [10]

with ¢ the friction factor, U, the barrier height, U’(0) the deriva-
tive of U(L,) with respect to L, at L, = 0 and U”((L,,)) the second
derivative at L, = (L,).
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In principle the decay process could occur over a number of
different paths, depending in detail how the contour draining
from the pit is partitioned between the linker and the remain-
ing pit. For simplicity, we will choose the following scenario: all
of the contour in the pit being emptied is transferred to the linker
before the linker recoils. This scenario minimizes the energy bar-
rier for pit-to-pit contour transfer, for as long as the linker is
extended between the 2 pits, increasing the contour in the linker
will lower the spring energy, while placing the contour in the
remaining pit will tend to enhance self-exclusion interactions via
Eq. 4. We can estimate the energy barrier by computing the energy
cost for emptying a single pit, taking into account as well the
decrease in spring energy created by the increase in contour of the
linker:

Fspring((Lx) + (Lp» _ Fspring(<Ls>)
kgT ksT

The derivatives U’(0) and U”({L,)) can be computed directly
from AF,. We estimate ¢ as being on order of a Kuhn segment
times viscosity 2Pn. This theory yields decay times t on order of a
minute for A-DNA with # = 100 nm and/ = 5 pum, approximately
comparable to the experimental values.

[11]

U, = A(Ly) — B(L,)* +

Conclusion

We have demonstrated that embedded nanopit arrays can be used
to control the positioning and conformation of DNA in nanoslits.
In addition we have derived a free energy that can account for the
number of nanopits occupied by A-DNA in lattices of 300x300
nm nanopits. In the future this work should be extended to
study the effect of varying nanopit size and, in particular, thermal
fluctuations of the contour stored in each pit.
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