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Abstract

Gel electrophoresis and capillary gel electrophoresis are widely used for the separation of biomolecules. With increasing demand in the
miniaturized devices such as lab-on-a-chip, it is necessary to integrate such a separation component into a chip format. Here, we describe a simple
approach to fabricate robust three-dimensional periodic porous nanostructures inside the microchannels for the separation of DNA molecules.
In our approach, the colloidal crystals were first grown inside the microchannel using evaporation assisted self-assembly process. Then the void
spaces among the colloidal crystals were filled with epoxy-based negative tone photoresist (SU-8). UV radiation was used to cure the photoresist at
the desired area inside the microchannel. After subsequent development and nanoparticle removal, the well-ordered nanoporous structures inside
the microchannel were obtained. Our results indicated that it was possible to construct periodic porous nanostructures inside the microchannels
with cavity size around 300 nm and interconnecting pores around 30 nm. The mobility of large DNA molecules with different sizes was measured
as a function of the applied electric field in the nanoporous materials. It was also demonstrated that 1 kilo-base pair (kbp) DNA ladders could be

separated in such an integrated system within 10 min under moderate electric field.

© 2007 Published by Elsevier B.V.
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1. Introduction

There have been increased demands in the development of
miniaturized total chemical analysis system where chemical or
biological samples can be manipulated, separated and analyzed
in an integrated system. Such an integrated microdevice pro-
vides a very powerful platform for investigating chemical and
biological reactions with many advantages including minimal
sample size, fast reaction time, low cost, and portability [1-5].
One of the major applications for the integrated microsystem
is the separation of biomolecules where limited amounts of
samples are available and multiple sample processing steps are
required [6]. However, most of the separation components for
nucleic acids and proteins used in the microchips still relied
on gel or polymer solutions, which suffered from several draw-
backs including insufficient size control in the nanometer scale,
less mechanical robustness and non-standard integration pro-
cess [7-9]. With recent advances in nanotechnology, several
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artificial sieving nanostructures with well-controlled topology
have been demonstrated capable of separating biomolecules
[10-15]. However, sophisticated tools are required to construct
well-controlled nanostructures inside the microchips and the
fabrication processes were often time-consuming. Therefore,
an alternative approach is badly needed for the fabrication of
size-controlled nanostructures inside the microfluidic system.
Recently, the colloidal particles have been utilized to
construct three-dimensional periodic nanostructures by the self-
assembly process [16]. These self-assembled opaline lattices of
colloidal particles provided a simple but fast approach to produce
size-controlled nanostructures over a large area. In order to inte-
grate the colloidal crystals into the microfluidic system, Ozin
and coworkers [17-19] have employed evaporation-induced
self-assembly to grow colloidal crystals inside the microchan-
nels, which allowed easy integration with other microfluidic
components. In our group, we have developed an addressable
microfluidic system to create colloidal crystals at any desired
area inside one- or two-dimensional microfluidic system using
electrocapillary effect [20,21]. It was also shown that the col-
loidal crystals formed by different sizes of nanoparticles could be
integrated into a single microchannel. In addition to the unique
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optical properties exhibited by the well-ordered nanoparticles,
the same nanostructures have also been explored as the artificial
sieving materials for the separation of biomolecules [22-26].
The initial results were very promising. However, in most cases,
these nanostructures were not integrated with the microfluidic
system due to their fabrication processes. The integration of
these artificial sieving materials with the microfluidic system
would enhance their performance by taking the advantages of
the existing microfluidic components and techniques. There-
fore, it is desirable to develop a monolith integration process to
construct size-controlled nanostructure inside the microfluidic
system.

Here, we describe a simple approach to construct mono-
lithically integrated periodic porous nanostructures in the
microfluidic system using epoxy-based SU-8 photoresist
(MicroChem, Newton, MA, USA) for the separation of
biomolecules. SU-8 is a class of photoresist, which is widely
used for microelectromechanical systems (MEMS) applications.
The cured SU-8 photoresist is highly resistant to acids and bases
and exhibits excellent mechanical properties and thermal stabil-
ity. It was shown that the electrokinetic properties of SU-8 were
similar to the commercial glass microdevices [27]. Therefore,
from the fabrication point of view, it is desirable to construct
microfluidic device using SU-8 as the structure materials due to
their mechanical and chemical robustness and ease for fabrica-
tion. In addition, the patternable property of photoresist would
allow fabricating nanostructures at any desired location inside
the microfluidic system.

2. Experimental
2.1. Chip fabrication

To fabricate size-controlled porous nanostructures inside the
microfluidic channels, a cover slip (Technical Glass Product,
Painesville Twp, OH, USA) was used as the substrate. A layer of
15 pm thick cured SU-8 photoresist was used as the base layer. A
second layer of SU-8 photoresist was spun on the base layer and
then the microchannels were created in the second layer using a
standard photolithography process. To fill the microchannel with
colloidal solution, the microchannels were temporally sealed
by conformal contact with a 5 mm think polydimethylsiloxane
(PDMS) slab. Well-ordered colloidal crystals could be grown in
the microchannel using evaporation-induced self-assembly pro-
cess. The colloidal particles used in this experiment were 330 nm
silica nanoparticles (Bangs Laboratories, Fisher, IN, USA). To
grow colloidal crystals inside the microchannels, a drop of col-
loidal solution diluted in 1:1 ratio with methanol was placed in
the inlet of the microchannels. After the solvent evaporated, the
colloidal particles formed close packed colloidal crystals inside
the microchannels as shown in Fig. 1a. The formation of well-
ordered nanostructures could be clearly seen by their distinct
translucent color as reported by several groups [17-21]. The void
spaces among the nanoparticles have been used as the sieving
materials for the separation of biomolecules where the effective
pore size was about 15% of the diameter of the nanoparticles
[23-25]. In this experiment, the inverse structures of the col-
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Fig. 1. Schematic for producing well-order periodic nanoporous structure
(inverse opal) in the microchannel using SU-8 photoresist. (a) Silica colloidal
crystals are first grown inside the SU-8 microchannel. (b) The void spaces of the
colloidal crystals are filled with SU-8 photoresist and cured in the desired area
using UV radiation. (c) Inverse opal structures can be obtained after removing
the silica nanoparticles with BOE solution and sealed with another layer of SU-8
photoresist.

loidal crystals (inverse opal) were used as the sieving medium in
the microfluidic channels. To fabricate the inverse opal structure
inside the microchannels, the PDMS slab was removed and the
void spaces among the colloidal crystals were filled with SU-8
photoresist. A photo-mask and a standard photolithograph pro-
cess were used to define the location of the inverse opal structures
as indicated in Fig. 1b. The inverse opal structure in desired area
inside the microfluidic channels could be obtained after pho-
toresist development and subsequent nanoparticle removal by a
buffer oxide etch (BOE) solution (6 parts 40% NH4F and 1 part
49% HF). The microchannels were then sealed by another layer
of 50 pm thick SU-8 photoresist (shown in Fig. 1c).

2.2. Sample preparation

To investigate the performance of the well-ordered
nanoporous structures as the sieving materials in the integrated
microfluidic system, the mobility of two large DNA molecules,
A-phage (MW 48.5 kbp, Sigma) and M13mp18 (MW 7.25 kbp,
Sigma), were measured as a function of the applied voltage. To
demonstrate the capability of separating biomolecules by such
anintegrated microdevice, 1 kbp DNA ladder obtained from Vio-
let BioScience was used in this experiment. In both experiments,
the DNA molecules were mixed with YOYO-1 dye (nucleic acid
dye, trade name, Invitrogen, Carlsbad, CA, USA) at a ratio of
5:1 (base pair/dye) in a 5x Tris borate EDTA buffer (TBE, pH
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Fig. 2. Cross-sectional SEM images of (a) nanoporous structures inside the microchannels. Bar 4 wm. (b) Enlarged SEM image of the inverse opal structures. Bar

200 nm.

8.3, Sigma—Aldrich). An electrokinetic injection was used to
introduce the DNA molecules to the sieving area. The fluores-
cence images of DNA molecules were taken on an Olympus
IX71 inverted microscope equipped with Cascade 512B CCD
(charge coupled device) camera (Roper Scientific, Duluth, GA,
USA).

3. Results and discussion
3.1. Monolithic integration of SU-8 microchannels

In this experiment, the well-ordered colloidal crystals were
used as the templates for making the periodic nanoporous struc-
tures inside the microfluidic channels. To see how well the
periodic nanoporous structures (inverse opal) can be integrated
into the microfluidic channels, several 5 um (width) x 5 pum
(height) microfluidic channels were fabricated on SU-8 pho-
toresist using a standard photolithography process. Following
the procedures described in Section 2, nanoporous structures
inside the microfluidic channels can be obtained. To investigate
the cross-sectional scanning electron microscopy (SEM) image
of the microfluidic channels, the microchip was first dipped into
liquid nitrogen and cut by a razor blade. Shown in Fig. 2 are the
cross-sectional SEM images of the ordered porous nanostructure
inside the microchannels. It can be clearly seen that the nanos-
tructures were integrated very well with the microchannels. One
advantage of such monolithic integration is that the mechanical
strength of the nanostructures is very robust compared to the
periodic nanostructured fabricated by colloidal particles. These
nanostructures in the microchannel could easily sustain a flow
rate up to 2 mm/s driven by a syringe pump, which also indicated
that the percentage of defects inside the periodic nanostructure
were very small otherwise the flow would be hindered by the
defects.

One important issue in the fabrication of the nanoporous siev-
ing materials is the size of the nanopores. Shown in Fig. 2b is the
enlarged SEM image of the inverse opal structures. There were
two types of nanopores in the inverse opal structure. The larger
one was the cavity formed by removing the nanoparticles where
the diameter of the cavity was almost the same as the diameter of
the nanoparticles. The small one was the interconnecting pores,
which were formed due to the close contact between the silica
nanoparticles. Despite the fact that the nanostructures were dis-

torted during the cutting process, the periodic interconnecting
pores in the second layer can still be seen. The interconnect-
ing pore size was measured to be around 30nm, which was
smaller than those reported previously due to smaller nanopar-
ticles used in experiment [22]. We summarize that using the
colloidal crystals, which were formed by 330 nm silica nanopar-
ticles, as templates, we were able to construct periodic pores
with a cavity diameter around 300 nm and interconnecting pores
around 30 nm.

3.2. Mobility measurement

Ithas been suggested that the well-ordered nanoporous arrays
might be used to separate large DNA molecules because of their
unusual size and electric field dependence in the electrophoretic
mobility [26]. Since the nanoporous materials fabricated by our
approach were composed of 300 nm well-ordered cavities and
30 nm interconnecting pores, it was important to investigate the
mobility of large DNA molecules as a function of the applied
electric field in the nanoporous materials. Shown in Fig. 3 is
the measured electrophoretic mobility of A\-DNA (solid cir-
cles) and M13mpl18 vector (open circles) in the nanoporous
materials. At the lowest applied electric field of 10 V/cm,
the mobility of A-DNA was about 1.9 x 104em?2vV—1g
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Fig. 3. The electrophoretic mobility of N\-DNA (solid circles) and M13mp18
vector (open circles) as a function of the applied electric field.
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which was larger than the mobility measured in agarose gel
(~0.8 x 10~*cm?2 V~—!s~1) but similar to those measured in
the nanoporous materials formed by silica colloidal particles
(~1.8 x 107*cm? V~1s~1) [24]. From Fig. 3, it can be clearly
seen that the electrophoretic mobility of the larger A\-DNA
molecules in the ordered nanoporous materials is larger than the
smaller M13mp18 molecules. However, in agarose gel, larger
DNA molecules exhibited smaller electrophoretic mobility. The
unusual electrophoretic behavior in the nanoporous materials
has been observed before and could be explained by the entropic
trapping effect [15]. Since the sizes of the DNA molecules were
much larger than the interconnecting pores, DNA molecules
have to deform before passing through the interconnecting
pores of the nanoporous materials. Larger DNA molecules have
higher probability to fit into the interconnecting pores, therefore,
exhibiting larger electrophoretic mobility.

3.3. DNA separations

Knowing that the electrophoretic mobility for different sizes
of DNA molecules in the nanoporous materials was different,
the next step was to utilize the nanoporous structures for sieving
biomolecules based on their sizes. Since the porous nanostruc-
ture could be integrated into the microchannel, we have designed
a DNA separation microdevice where the nanostructures were
located at the downstream of a cross-injector as depicted in
Fig. 4a. Shown in Fig. 4b is an optical image of a 1 cm long
well-ordered nanoporous structures built in a 200 pwm wide SU-8
microchannel. After loading DNA ladders in the sample reser-
voir, the double strain DNA ladders were introduced to the
nanoporous area by electrokinetic injection. Shown in Fig. 5
are the fluorescence images of the double strain DNA ladders
in both conventional and well-ordered nanoporous separation
media. From Fig. 5, it can be clearly seen that all the bands
resolved by the conventional agarose gel could be also resolved

Inverse Opal structures

Fig. 4. (a) Layout for the integrated electrokinetic separation system. Glass was
used as the support for the system. (b) Optical image of the integrated nanoporous
separation system.

Fig. 5. (a) The fluorescence image of the 1 kbp DNA ladder in a conventional
agarose gel. Bar 1 cm. (b) The fluorescence image of the 1kbp DNA in the
microchannel integrated with well-ordered nanoporous structures. The dashed
lines represent the microchannel. Bar 500 pwm.
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Fig. 6. The electropherogram of the 1 kbp DNA in the microchannel integrated
with well-ordered nanoporous structures. Electric field: 20 V/cm.

in the microchannel with nanoporous structures as the separation
component.

At the electric field of 20 V. ecm™1, it took less than 10 min to
separate 1 kbp ladder. Shown in Fig. 6 is the electropherogram
of DNA ladders in the integrated microchannels with 2.5 mm
separation distance. Similar results were obtained when differ-
ent batches of microchips were used. We conclude that it is
possible to integrate the periodic nanoporous structures into the
microchannel for separating DNA molecules.

4. Conclusions

In summary, the solvent evaporation induced self-assembly
process was used to produce well-order silica colloidal crys-
tals inside the microfluidic channels made by SU-8 photoresist.
By filling the void space with SU-8 photoresist, curing and
subsequent nanoparticle removal, monolithic integration of
nanoporous materials inside the microfluidic channels has been
achieved. The interconnecting pore size of the nanoporous struc-
tures was measured to be around 30 nm where as the cavity size
was around 300nm. It was observed that the electrophoretic
mobility of the larger A-DNA molecules was larger than the
smaller M13mp18 molecules. Such an integrated nanoporous
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system was used to separate 1 kbp DNA ladder within 10 min.
Since the SU-8 photoresist is resistant various solvents, the
monolithic fabrication of nanoporous materials in the SU-8
microfluidic system provides a great opportunity to separate
various chemical molecules and biological molecules on an
integrated microdevice.
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