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Fluidic transport through nanochannels offers new
opportunities to probe fundamental nanoscale transport
phenomena1–5 and to develop tools for manipulating DNA6–16,
proteins17,18, small molecules19,20 and nanoparticles21,22. The small
size of nanofabricated devices and the accompanying increase
in the effect of surface forces23,24, however, pose challenges
in designing and fabricating flexible nanofluidic systems
that can dynamically adjust their transport characteristics
according to the handling needs of various molecules and
nanoparticles. Here, we describe the use of nanoscale fracturing
of oxidized poly(dimethylsiloxane) to conveniently fabricate
nanofluidic systems with arrays of nanochannels that can
actively manipulate nanofluidic transport through dynamic
modulation of the channel cross-section. We present the design
parameters for engineering material properties and channel
geometry to achieve reversible nanochannel deformation using
remarkably small forces. We demonstrate the versatility of the
elastomeric nanochannels through tuneable sieving and trapping
of nanoparticles, dynamic manipulation of the conformation of
single DNA molecules and in situ photofabrication of movable
polymeric nanostructures.

The nanofluidic system consists of a parallel array of
nanochannels made in poly(dimethylsiloxane) (PDMS). Fluid
flows are driven mainly by an electric field applied between the
inlet and outlet compartments (Fig. 1a,b). The channel geometry
and materials mechanics are optimized so that the cross-sectional
size of the nanochannels can be reversibly modulated in response
to compressive forces applied perpendicularly to the nanochannels.
As the nanochannels only allow the passage of molecules or
nanoparticles that are smaller than their cross-section (see the
Supplementary Information), the magnitude of applied force can
be varied to choose subpopulations in a polydisperse mixture
that can pass through the nanochannels. For example, the size
of non-deformed nanochannels supports co-transport of larger
and smaller particles (Fig. 1c). Moderate channel deformation
at low levels of applied force, however, hinders larger particles
from entering the nanochannels and allows selective transport of
the smaller particles (Fig. 1d). A further increase in the applied
force causes the nanochannels to close, excluding sample particles
(Fig. 1e). This adjustability permits manifold modes of nanofluidic
transport within a single device for a given sample population.

Channel deformation can also be used to trap nanoparticles
already inside the nanochannels by mechanically constraining their
movement. When the applied force is removed, recovery of flow
prompts trapped nanoparticles to resume their movement along
the nanochannels (Fig. 1f).

Fabrication of the elastomeric nanochannels begins with
mechanical stretching of plasma-oxidized PDMS to generate
an ordered array of nanoscale cracks25,26, which are replicated
onto ultraviolet-curable epoxy (see Fig. 2a and Supplementary
Information). A substrate with recessed nanochannels is prepared
by casting PDMS prepolymer against the epoxy master. We adjusted
the production parameters of crack patterning to create pre-sealed
nanochannels having the shape of an isosceles triangle with a base
length of 688 ± 79 nm (mean ± s.d.) and a height of 78 ± 18 nm.
Finally, the PDMS substrate is oxidized and brought into conformal
contact with a flat slab of oxidized PDMS to yield an array of tightly
sealed nanochannels (see Fig. 2b and Supplementary Information).

The crucial steps for ensuring complete sealing and reversible
functionality of nanochannels are (1) a brief (30–60 s) oxidation of
the PDMS before the bonding, (2) the use of the epoxy master and
(3) the use of a relatively stiff PDMS to prevent irreversible channel
collapse (see the Supplementary Information)27–29. A thin oxidized
layer is necessary to ensure adequate surface compliance for sealing.
For cracking, however, a thick oxidation layer was necessary to
induce the requisite crack characteristics. Hence, an epoxy master
was used in the intermediate step so that each of these conditions
could be satisfied.

Nanochannels formed by cracking have a triangular cross-
section in which channel closure proceeds gradually from the
corners. This is in contrast to rectangular channels that close by
a sudden yet partial collapse at the middle23. Dimensional analysis
shows that the extent of channel closure, cc, is given by
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where Ē1 and Ē2 are the plane-strain moduli of the oxidized
layer and PDMS, respectively; γ is the surface energy of the
nanochannels; σa is the remote applied compressive stress;
h and 2a are the height and base length of the cross-
section, respectively; hf is the thickness of the oxidized layer
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Figure 1 Size-adjustable elastomeric nanochannels. a, The system has an array of nanochannels spanning microscale inlet and outlet compartments separated by
500μm. Fluorescein molecules introduced into the inlet are transported through the nanochannels by electrokinetic flows driven at ∼62 V cm−1 (right inset). The four bottom
insets show fluorescence intensity in the outlet at time= 0, 4, 16 and 24 s, respectively (from left to right). Scale bars: 20μm. b, A single-file flow of single 20 nm quantum
dots along a nanochannel. c, The larger cross-section of relaxed nanochannels allows both larger and smaller particles to pass through simultaneously. d, Elastomeric
nanochannels are compressed to change their cross-sectional size. Low levels of compressive stress (22 kPa) constrict the channel such that the larger particles are
prevented from entering the nanochannels, and only the smaller particles pass through. e, Nanochannels loaded with larger stresses (42 kPa) become extremely small,
excluding sample particles regardless of their size. The mode of transport with different size-selectivity can be switched reversibly by changing the magnitude of applied
force. f, Channel deformation traps single nanoparticles. The particles are released and resume their motion on removal of applied force.

(Fig. 2c). To determine the normalized closure distance, cc/a,
as a function of Ē2h2/γa, Ē1/Ē2 and σa/Ē2, we carried out
finite-element simulations (see the Supplementary Information)
using a fixed initial geometry consistent with the experimental
configuration (a/h = 5, hf/h = 1.7). We found that for a given
material, there is a critical value of Ē2h2/γa above which
nanochannels can be supported without spontaneous collapse.
When non-oxidized PDMS is used (Ē1/Ē2 = 1), Ē2h2/γa of our
system (∼1.5) lies well below its critical value (∼10), causing
the nanochannels to collapse spontaneously (see Fig. 2d and
Supplementary Information, Fig. S3). An effective way to reduce
the critical value without increasing the modulus of the bulk PDMS
and hence without sacrificing size-adjustability is to generate a
thin layer of stiff material immediately in the vicinity of the
nanochannel. A brief oxidation accomplishes this by raising Ē1/Ē2

to roughly 130, in which case the critical Ē2h2/γa becomes
smaller by an order of magnitude and the channels remain open
(see Fig. 2d and Supplementary Information, Fig. S3). Under this
condition, the compliance of PDMS permits reversible closure of

the nanochannels using compression. We optimized the fabrication
parameters to achieve a fine balance between the geometry, elastic
properties and surface forces, which allows Ē2h2/γa of the system
to be above yet close to its critical value. In this range, the cross-
sectional size changes dramatically in response to a compressive
force, enabling the manipulation of channel closure using very
small stresses (Fig. 2e).

We demonstrated sieving of molecules and nanoparticles
with tuneable size-selectivity using a suspension containing
red-fluorescent sulphorhodamine (SR)-101 molecules and
35 nm green-fluorescent quantum dots (Fig. 3a) (see the
Supplementary Information for electrical resistance measurements
and electrokinetic transport of single molecular species across
the nanochannels). Fluorescence-intensity measurements at the
outlet showed that the larger cross-section of non-deformed
nanochannels permitted co-transport of SR and quantum dots
(Fig. 3b). When the nanochannels were compressed with 22 kPa of
pressure (see the Supplementary Information), green fluorescence
was not detected, whereas the red fluorescence still increased,
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Figure 2 Fabrication of structurally stable elastomeric nanochannels. a, A PDMS slab exposed to oxygen plasma is stretched to generate linear nanoscale cracks. The
nanocracks are replicated onto ultraviolet-curable epoxy. b, PDMS prepolymer is cast against the epoxy mould to generate negative relief patterns of nanochannels. The
PDMS substrate is then briefly oxidized and sealed against an oxidized PDMS slab to form an array of enclosed nanochannels. c, The cross-section of relaxed nanochannels
can be approximated as an isosceles triangle with an average base length of 688 nm (2a) and an average height of 78 nm (h). d, Normalized closure distance (cc/a) plotted
against Ē2h2/γa for both the non-oxidized (Ē1/ Ē2 = 1) and oxidized (Ē1/ Ē2 = 130) states when there is no applied compressive stress (σa/ Ē2 = 0). e, The solid and
dashed lines indicate the closure distance for relaxed and compressed nanochannels, respectively. Note that Ē1/ Ē2 = 130. Reversible closure of the nanochannels is
demonstrated by the reversible vertical jumps to and from the dashed lines (shown with red arrows) when remote stresses are applied or removed, respectively
(σa/ Ē2 = 0.018 and 0.009, corresponding to σa = 22 and 42 kPa, respectively).

although at a much slower rate (Fig. 3c). This indicates that the
decrease in the channel cross-sectional area completely obstructed
the flow of the larger quantum dots while partially impeding the
transport of SR. Application of the compressive stress of 42 kPa
resulted in closed channels and hence no detectable fluorescence
(Fig. 3d). In all cases, the difference in fluorescence intensity
between the observation area and other regions of the outlet was
less than 5%, suggesting fairly uniform transport throughout an
array of nanochannels. These results show that even for the same
particle population, this system is capable of generating multiple
configurations of molecular or nanoparticle transport that can be
switched dynamically.

Controlled channel constriction can also trap and release
single nanoparticles. Without compressive force, a quantum dot
(diameter ∼ 20 nm) moves unidirectionally along the length of the
nanochannels (Fig. 3e). The velocities of moving nanoparticles in
different channels were measured to be uniform across the array
with a channel-to-channel variation of approximately 4.3%. When
deformed by 42 kPa of applied pressure, however, the nanochannels
trap the particle securely by causing it to halt and remain stationary
without brownian motion (Fig. 3f). Subsequent removal of applied
force allows the trapped quantum dot to continue its motion
down the channel (Fig. 3g). This method offers a simple means

to manipulate the movement of particles at the nanoscale without
using their electrical or chemical properties. Moreover, the channel
adjustability may allow more robust nanofluidic manipulation over
a wider range of nanoparticle sizes.

The elastomeric nanochannels can also confine and
dynamically manipulate single DNA molecules. When
electrophoretically driven into nanochannels, fluorescently labelled
l-phage DNA (48.5 kbp) was stretched to ∼5.6 μm (see the
Supplementary Information), which is approximately 30% of
its fully stretched length12. Once partially stretched, the DNA
molecules travelled down the nanochannels in an electrophoretic
fashion without any significant change in their length (Fig. 4a).
When the channel size was reduced by applying 22 kPa of pressure,
however, the migration was initially replaced by further elongation
of the DNA presumably owing to the reduction in entropy12.
Further stretching was achieved by selective electrophoretic
movement of the downstream end with little movement of the
upstream end (Fig. 4b). The DNA continued its extension until it
reached an equilibrium length of ∼13.6 μm, after which time the
entire length of the molecule resumed its uniform electrophoretic
motion. When the compressive force was removed, the stretched
DNA strand shrank to its original extended length in less than 1 min
as a result of entropic relaxation in the non-deformed nanochannel
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Figure 3 Nanofluidic sample trafficking using tuneable size-selectivity and single-nanoparticle trapping. a, SR-101 molecules (molecular mass ∼ 607 daltons) and
35 nm quantum dots were introduced into the inlet. Electrokinetic transport through water-filled nanochannels was quantified by fluorescence detection in the observation
area. Flows were driven by ∼ 69 V cm−1. b, Without force, both green and red fluorescence increase as a result of co-transport of SR (red diamond) and quantum dots (green
circle). The smaller size of SR leads to a higher rate of intensity increase (a.u. = arbitrary unit). c, Channel deformation by 22 kPa prohibits the transport of quantum dots and
retards the movement of SR (slower increase in red fluorescence). d, When compressed with 42 kPa, the nanochannels hinder the transport of both species, as shown by the
lack of measurable increase in fluorescence. e, A single 20 nm quantum dot travelling along a relaxed nanochannel. Quantum dots were suspended in an aqueous bovine
serum albumin solution (10mgml−1). f, Channel deformation at 42 kPa traps the particle. g, Release of applied force resumes the flow of carrier liquid and the motion of the
quantum dot. Scale bars: 16μm.
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Figure 4 DNA manipulation and in situ fabrication of movable nanostructures. a, Electrophoretic migration of a partially extended 48.5-kbp-long l-phage DNA in a
relaxed nanochannel by 34.5 V cm−1 (time interval between frames= 0.8 s). E represents electric field. b, Channel deformation at 22 kPa resulted in further stretching of the
DNA to 13.6μm at the same electric field (time interval between frames= 0.6 s). c, Removal of compression after the electric field was switched off caused the DNA
molecule to relax to its original length. Scale bars: 5μm. For in-channel photofabrication, a solution containing acrylamide monomers, photoinitiator and fluorescein is
introduced into the nanochannels. d, The nanochannels are constricted by the compressive stress of 22 kPa. e, A target area is selectively polymerized by ultraviolet.
Subsequently, strong illumination photobleaches the polymerized region. f, Restoration of the channel size releases the polyacrylamide nanofilament. In fluorescence
imaging, the filament appeared as a dark segment. Yellow arrows represent the extremities of the filament. g, The nanofilament can be manipulated to move along the
nanochannel by electro-osmotic flow (EOF). h, The motion is reversed when the direction of electro-osmotic flow changes. Scale bars: 10μm.
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(Fig. 4c). The ability to modulate entropy dynamically and
reversibly opens new possibilities to investigate and manipulate
dynamic behaviours of DNA and other biopolymers at the single-
molecule level.

Finally, we expanded the operation of this system to in-
channel photopolymerization of filamentous polyacrylamide
nanostructures that can be actuated to move through
the nanochannels. Relaxed nanochannels are filled with
acrylamide/bisacrylamide monomer solution mixed with
photoinitiator and fluorescein (see the Supplementary
Information). The nanochannel cross-section is then reduced
using 22 kPa of applied stress (Fig. 4d), and ultraviolet light is
irradiated onto a small area spanning ∼25 μm along the channel
length for 5 min to induce localized photopolymerization (Fig. 4e).
Subsequently, fluorescein in the exact same region is selectively
photobleached by strong illumination to facilitate imaging of
the polymerized gel. Finally, by removing the compression, the
nanochannel recovers its original size, creating a polymerized
polyacrylamide nanofilament ‘floating’ inside the nanochannel
(Fig. 4f). Electro-osmotic flows cause the nanofilaments to slide
along the nanochannels, and the direction of the movement
can be manipulated by switching the polarity of the electric
field (Fig. 4g,h). This approach provides unique capabilities
to fabricate nanoscale moving parts whose minimum feature
size is limited only by the size of the nanochannels, offering
advantages over conventional photolithography or hydrogel-based
fabrication platforms30.

The nanochannels described here are straightforward to
fabricate and provide a remarkably versatile example of an
active nanostructure that can change its architecture during
operation to create, control and manipulate various types of
nanofluidic transport. Designing these adjustable elastomeric
structures requires not only the reduction in feature sizes, but
more importantly the engineering of the channel surface and the
deformability of elastomers to accommodate the contradicting
need for structural stability and adjustability. We believe that this
approach can be extended to higher levels of functionality through
the integration of parallel and serial operations, sophisticated optics
and a wealth of polymer chemistry.
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