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Nanomaterials and chip-based nanostructures for
capillary electrophoretic separations of DNA

Capillary electrophoresis (CE) and microchip capillary electrophoresis (MCE) using
polymer solutions are two of the most powerful techniques for the analysis of DNA.
Problems, such as the difficulty of filling polymer solution to small separation
channels, recovering DNA, and narrow separation size ranges, have put a pressure
on developing new techniques for DNA analysis. In this review, we deal with DNA
separation using chip-based nanostructures and nanomaterials in CE and MCE. On
the basis of the dependence of the mobility of DNA molecules on the size and
shape of nanostructures, several unique chip-based devices have been developed
for the separation of DNA, particularly for long DNA molecules. Unlike conventional
CE and MCE methods, sieving matrices are not required when using nano-
structures. Filling extremely low-viscosity nanomaterials in the presence and
absence of polymer solutions to small separation channels is an alternative for the
separations of DNA from several base pairs (bp) to tens kbp. The advantages and
shortages of the use of nanostructured devices and nanomaterials for DNA
separation are carefully addressed with respect to speed, resolution, reproducibility,
costs, and operation.
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1 Introduction

Rapid, efficient, and sensitive separation techniques are
important for DNA analysis. Numerous capillary electro-
phoresis (CE)- and microchip capillary electrophoresis
(MCE)-based approaches have been tested and validated
for DNA sequencing [1, 2], genotyping [3, 4], mutation
analysis [5, 6], characterization of single nucleotide poly-
morphisms (SNPs) [7, 8], forensic human identification [9,
10], diagnosis of diseases [11, 12], and other applications
[13, 14]. When compared to slab-gel electrophoresis,
these techniques provide the advantages of comparable
resolving power, rapidity, high throughout, minute sample
requirement, and ease of integration [10, 15, 16]. Using
these techniques, small separation channels/capillaries
are often filled with polymer solutions that are advanta-
geous over cross-linked gels, including relatively low vis-
cosity, ease of preparation, and flexibility. Polymer solu-
tions are commonly prepared from linear polymers,
including cellulose and its derivatives [17], linear poly-
(acrylamide) (LPA) [18], poly(ethylene oxide) (PEO) [19],
and poly(vinylpyrrolidone) (PVP) [20]. In order to provide
great resolving power for small DNA fragments, the con-
centration of a polymer solution is usually higher than its
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entanglement (overlap) threshold (c*). It is noted that at
the concentration above c* the interaction of the polymers
begins to affect bulk solution properties such as viscosity.
Although these techniques are powerful for DNA analysis,
two main problems still remain: (i) the separation sizes are
usually limited to less than several thousands DNA base
pairs (bp), and (ii) filling a small separation channel with a
high-viscosity polymer solution is difficult.

The analysis and fractionation of long DNA molecules plays
a key role in many genome projects, such as investigation
of tumorigenesis by monitoring the variations of telomeric
length (7–10 kbp tandem repeats of 5’-TTAGGG-3’ in hu-
man) [21]. Although pulsed-field gel electrophoresis (PFGE)
has been widely accepted for the analysis of large DNA
molecules, it is very slow (10–200 h) and difficult for auto-
mation (detection and sample recovery) [22, 23]. It also
needs a large sample volume, usually several mL. To over-
come some of the problems, pulsed-field capillary gel
electrophoresis (PFCGE) was developed [24–26]. Despite
its advantages of speed, detection sensitivity, and ease of
automation, PFCGE has not been in the position to replace
PFGE as a powerful separation tool for the analysis of large
DNA, mainly because of its poor reproducibility and small
sample handling capability. In addition, in order to achieve
high resolution for long DNA molecules, PFCGE has to be
conducted at low electric field, leading to long separation
times (tens minutes to hours). PFGE and PFCGE also share
one same problem that the separation resolution depends
on gel matrices; resolution decreases with increasing DNA
size and eventually losses when the DNA fails to enter the
gel or is trapped by the sieving matrix [27].

Using ultradilute hydroxyethylcellulose (HEC) (0.002%;
this concentration is far below its c* of 0.40%), the
separation of dsDNAs (2–23.1 kbp) has been achieved in
CE under a high electric field (270 V/cm) [28]. The
separation is according to the transient entanglement
mechanism, which is suggested by Barron et al. [28] and
modeled by Hubert et al. [29]. As a result of the drag of
DNA molecules by the polymer molecules when they are
encountered during migration, their mobility decreases,
showing size dependence of mobility in certain ranges.
The interactions between DNA and polymer molecules
have been confirmed by another study that shows dy-
namic formation and deformation of U-shape in DNA
conformation [30]. Although ultradilute polymer solutions
have been used for the separation of long DNA under a
constant electric field [31–36], they do not provide high-
resolving power for small DNA fragments.

Alternatively, the analysis of large DNA fragments ranging
in size from 5 to 40 kbp was completed in 6 min by CE in the
presence of electroosmotic flow (EOF) using HEC solution
[37]. Unlike the transient mechanism, HEC solution at a

concentration (1.5%) higher than its entanglement thresh-
old was used for separating long DNA molecules. In addi-
tion to sieving, the variation in DNA conformation due to pH
changes and migration of DNA against EOF account for
better resolution of long DNA molecules. A stepwise tech-
nique in CE has been developed for separating DNA with a
wide size range (8–23.1 kbp) via changing PEO and ethi-
dium bromide (EtBr) concentrations in the course of
separation [38]. Different concentrations (0.5–1.5%) of
PEO solutions are injected to the polyethylene tubes by
pressure means, where they enter the capillary by EOF.
Because the large DNA fragments migrate faster (slower to
against EOF) toward the cathode end under counterflow
conditions, 0.5% PEO solution containing less amounts of
EtBr is injected first after sample injection. It is noted that
filling the capillaries with high-viscosity HEC or PEO solu-
tion is not a problem since they migrate to the capillaries by
EOF. Long equilibrium times for obtaining high and repro-
ducible EOF and instabilities of HEC and PEO solutions
under highly alkaline conditions (pH . 10.0) as well as loss
of resolution for long DNA molecules are problematic.

Recently, several new separation approaches for DNA
analysis using nanostructures have been developed,
which provide different idea for DNA separation from the
conventional sieving mechanism and the transient mech-
anism [39–47]. Some representative chip-based nano-
structures developed for DNA separation are summarized
in Fig. 1. By taking the advanced lithographic and wet
chemical etching techniques, one can easily control the
dimension of obstacles or retarding matrix for varying
separation resolution and speed. The sample volume
used in the nanofluidic channel systems is extremely low
(fL to pL), which is especially useful for DNA analysis
when the sample is limited and expensive. In addition,
recovery of DNA molecules after separation is straight-
forward because polymer solution is not required.

Nanoseparation techniques are still in their early develop-
ing stages and their practical use in the life science is still
not widely demonstrated. The purpose of this review is to
deal with DNA separation using nanostructures and nano-
materials. The basic theory, designs, advantages, and
shortages of these recently developed techniques are dis-
cussed. Developing novel nanoseparation techniques
based on the advanced nanotechnologies is focused. We
also emphasize the importance of the nanoseparation
techniques for DNA analysis by providing some interesting
examples and their potential for separating other biomole-
cules of interest, such as proteins and peptides. It is not our
intent to cover all CE and MCE separation techniques for
DNA analysis in this review. Thus, for those who are inter-
ested in other CE and MCE techniques for DNA analysis
should refer to other review papers [47–49].
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Figure 1. Schematic diagrams for different chip-based devices.
(A) Scanning electron microscopy (SEM) surface image of Ni nano-
pattern on Si wafer; (a) etching process; (b) topography of Ni nano-
pattern; (c) elemental dispersion analysis. (B) Cross-sectional diagram
of an entropic trap chip. (C) Fluidic device contains nanopillars (60 nm in
height). (D) Microchannel equipped with nanopillars. (E) SEM image of
obstacle course. (F) DNA prism. (G) Columnar structure formed by a
suspension of superparamagnetic particles. (A)–(G) are reprinted with
permission from [39]–[44], and [69], respectively.
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2 Chip-based nanostructures for DNA
separation

2.1 Surface electrophoresis

By controlling different degrees of adsorption of various
lengths of molecules on an attractive surface, Pernodet
and co-workers [50–52] demonstrated the separation of
DNA molecules on a flat surface without any restrictions
or any sieving matrixes. For example, the separation of
1 kbp DNA ladders (range from 2 to 10 kbp) was accom-
plished within 80 min [50]. The variety of the electropho-
retic mobility of DNA is dependent on the changes in its
conformation as a result of the interaction with the flat
surface. However, it is difficult to control the strength of
the interaction between DNA molecules and the surface.
If the surface has a strong attraction to DNA, the large
DNA molecules are fully adsorbed and there is no differ-
ence between their conformations (no separation). On the
other hand, if the interaction is too weak, small DNA
molecules are desorbed from the surface and can not be
separated.

To control the interaction between the surface and DNA,
Seo et al. [39] have designed a nanopattern of Ni patches
superimposed upon a Si matrix (Fig. 1A). The function of
the nanopattern is to increase the mobility sensitivity to
changes in DNA conformation, thereby allowing the
separation of a broad range of DNA molecules such as l-
HindIII digests (0.12–23.1 kbp), l-phage DNA (48.5 kbp),
T2-DNA (164 kbp), and S. Pombe DNA (3.5, 4.7, and
5.7 Mbp). Although the separation speed and resolving
power are not quite impressive, this technique requires no
sieving matrix, very low sample loading amounts (approx-
imately 1 ng to 0.04 mg), and low operating voltages,
making it amenable for incorporation into chip-based
portable devices. Theoretically, the separation efficiency
and the DNA separation length can be further improved by
functionalizing the Ni and Si surfaces and by changing the
shape of the nanopatterns. In addition, since this method
discerns the conformations of the adsorbed chains, it can
in principle be used to separate macromolecules of iden-
tical molecular weight but different structure, such as
circular or supercoiled DNA molecules.

2.2 Entropy-based separation systems

The separation based on entropic effect is rooted in the
process of entropic trapping (ET) that was first introduced
as a generic concept for diffusion of polymer chains in
random media, such as gel and polymer solutions, over
two decades ago by Baumgärtner and Muthukumar [53–
55]. The entropy effect is related to the separation envi-
ronments (e.g., electric field and sieving matrix) and the

internal conformational entropy, one of the dominant
properties of flexible macromolecules, such as DNA,
which is directly proportional to the molecular contour
length. Thus, the use of nanofabricated devices to control
the entropic effects to achieve size separation of DNA
fragments is highly encouraged. Craighead’s group [40,
56–58] demonstrated ETof long DNA in a microfabricated
device and established a model to describe the observed
escape of DNA molecules from an entropic trap.

If a stretched DNA molecule meets an open space larger
than or comparable to its relaxed volume, it will relax to
form a spherical shape. When it undergoes a constriction
much less than the radius of gyration of DNA (R0), it has
to be deformed from its equilibrium shape to fit into
the constriction. To provide selectivity (resolution), the
separation channel consists of alternating thick and thin
regions, where the thickness of the thin region was as
small as 90 nm (Fig. 1B). Since this deformation is entro-
pically unfavorable, a certain driving force such as electric
force is required to force a DNA molecule to enter the
constriction. Without filling a sieving matrix into the
separation channel, the separation of long DNA mole-
cules (range from 5 to 164 kbp) under a direct current (dc)
field (24.5 V/cm) within 30 min has been demonstrated
[57]. To observe the ETeffect, the electrophoretic mobility
of long DNA molecules in the channel has to be measured
as a function of the applied electric field. Because the R0

values of DNA molecules are much larger than the thin
gap (90 nm), DNA molecules are trapped when they move
from the thick to the thin region. The trapping efficiency
determines the mobility of DNA in this separation mode.
We note that longer DNA molecules (T2: 164 kbp) move
faster than shorter DNA molecules (T7: 37.9 kbp) in the
channel (Fig. 2). This is likely due to the fact that a larger
DNA molecule is easier to escape from the entropic traps
as a result of greater contact area in the thin slit.

Figure 2. Separation of long DNA molecules using an
entropic trap array. T2-T7 DNA mixture is separated
through a channel with 90 nm thin regions, 650 nm thick
regions, and 4 mm channel period. Reprinted from [57],
with permission.
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The separation of DNA based on ET has been further
demonstrated by using a chip-based device with densely
spaced nanopillars between the floor and ceiling as
shown in Fig. 1C [41, 59]. The dense pillars act as an arti-
ficial gel or mesoporous solid, and thus filling the separa-
tion channel with polymer solution is not required. Figure 3
shows the motion of DNA in the presence and absence of
electric field in pillared and pillar-free regions. When
molecules of dissimilar length are present, shorter strands
will clear the interface in a shorter time than longer
strands. When the field is removed, those molecules with
some portion still in the pillar-free region will recoil,
affecting a spatial separation from the shorter molecules
that clear the interface. The separation result of T2 and T7
clearly supports that the entropic recoil separation is
according to length and the technique holds good poten-
tial for separating long DNA molecules.

Due to steep entropic barrier, it is difficult to introduce
large DNA molecules into a nanometer-scale channel di-
rectly form the macroscale world. Cao et al. [60] pre-
sented a simple technique using optical lithography (dif-
fraction gradient lithography) to fabricate continuous
spatial gradient nanoscale fluidic structures. DNA mole-
cules are partially uncoiled when they enter the gradient
area, and slow down at the edge of the nanochannels due

to “uphill’’ entropy, however, larger DNA molecules move
into the nanochannels continuously and remain stret-
ched, with significantly improved efficiency. Based on the
fact that an electrically polarizable object, such as DNA,
will be trapped in a region of a focused electric field, pro-
vided there is sufficient dielectric response to overcome
thermal energy and the electrophoretic force, Chou et al.
[61] demonstrated electrodeless dielectrophoretic (EDEP)
trapping using insulating constrictions in the audio fre-
quency range. The devices were fabricated on quartz
wafers using UV lithography and reactive ion etching
techniques, and sealed with a glass coverslip coated with
an elastomer thin film to act as a sealing gasket. At a given
trapping voltage applied, the dielectrophoretic force dra-
matically increases with the increase of the length of the
DNA molecule. Thus, by appropriate choice of parame-
ters, one can envision selectively trapping one range of
DNA molecules while removing others. This allows con-
centration of DNA molecules to very tight bands before
launch into a fractionating media, PCR cleanup, con-
centration of DNA in gene array chips to enhance sensi-
tivity, and acceleration of gene hybridization rates by
concentration of single-stranded DNA. Because EDEP
trapping occurs in high field gradient regions, EDEP
allows easy patterning of DNA by an appropriate geo-
metrical obstacle design.

Figure 3. Entropic recoil of long DNA molecules. (A) the electric field pulls DNA fragments in the low-
entropy pillared region into the high-entropy pillared region. (B) The field is turned off, and molecules that
straddle the interface rapidly recoil to return in the open region. Reprinted from [41], with permission.
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By taking the advanced nanofabrication technique (elec-
tron beam lithography technique), nanopillars (2700 nm in
height, 500 nm in width, and 500 nm in spacing) with a
high aspect ratio (height/width 5.4) inside a microchannel
on a quartz chip (Fig. 1D) have been fabricated and used
for DNA separation [42]. When DNA molecules intrude
into the nanopillar channels, they migrate at different ve-
locities according to their molecular weights, indicating
that the nanopillars produce a molecular sieving effect
and work as a DNA sieving matrix. DNA fragment (range
from 1 to 38 kbp) separation as clear bands at the detec-
tion window of 1450 mm from the entrance of the nano-
pillar channel (25 mm in width and 2.7 mm in height) has
been achieved in 170 s. It is interesting to note that the
technique has been applied to the separation of long DNA
molecules (l-phage DNA, T4-DNA: 165.6 kbp) within only
10 s under a dc electric field. Theoretical plate numbers of
the channels (380–1450 mm long) are 1000–3000 (0.7–
2.16106 plates/m). Since there is no need to fill micro-
channels with sieving matrixes, nanopillar chips also hold
the potential for integrated bioanalysis, which implicate
whole process of DNA extraction from cells, purification,
DNA amplification, separation, detection, and collection
on one chip.

2.3 Obstacle array

DNA molecules are sorted by diffusion as they flow
through a microfabricated array of asymmetrically arrang-
ed obstacles (Fig. 1E) [43, 62]. The basic concept is to use
a regular lattice of asymmetric obstacles to rectify the
lateral Brownian motion of the molecules so that species
of different sizes follow different trajectories through the
device [63]. Molecules that diffuse very slowly are likely to
travel straight through the sieve, without being deflected
by the obstacles. A nominal 6% resolution by length of
DNA molecules in the size range of 15–30 kbp was
achieved in a 4-inch silicon wafer. A major advantage of
the Brownian ratchet array over the entropic trap array is
that the ratchet array does not require stretching of the
molecules. However, the separation of large molecules in
a microfabricated Brownian ratchet array is slow, be-
cause it relies on diffusion, an intrinsically slow process.
By tilting the electrophoretic flow relative to the vertical
axis of the array, the separation of large molecules can be
improved dramatically [64]. This is because a higher frac-
tion of the diffusing molecules is ratcheted at each step in
the array. Using a 12 mm long array, DNA molecules of
48.5 and 164 kbp length were separated in 70 min with a
resolution of 3.8. Based on a Brownian ratchet mechan-
ism, DNA molecules were also transported and separated
by an interdigitated electrode array device [65, 66]. The
migration is produced by periodic formation of an asym-

metric sawtooth electric field in the device. Since the
transport rate depends primarily on the diffusion constant
of the molecules in free solution, the device could be used
for size-dependent DNA separations, such as DNA gen-
otyping in aqueous buffer [67]. As compared with tradi-
tional methods, such as gel electrophoresis, these
approaches provide the advantage of continuous sorting
and integration that allows sample preparation and sub-
sequent analytical steps on a single chip. Moreover, by
obviating the need for a viscous sieving medium, the
methods facilitate automation and offers new levels of
convenience. From the theoretical point of view, the
separations of proteins, colloidal particles, and cells are
also possible by controlling obstacle dimensions, flow
velocity, and supporting solvents.

A thumbnail-sized device (DNA prism) has been fabri-
cated and used for the separation of long DNA molecules
prepared from bacterial artificial chromosomes [44]. The
DNA prism consisted of hexagonally packed arrays of
mm-scale posts array as the sieving matrix, sample injec-
tion, and extraction channels, and structures for shaping
uniform electric field (Fig. 1F). Asymmetric pulsed fields
are applied for continuous-flow operation, which sorts
DNA molecules in different directions according to their
molecular masses, such as a prism deflects light of dif-
ferent wavelengths at different angles (Fig. 4). This tech-
nique allows to sort large DNA fragments (range from 61
to 209 kbp) in 15 s, which is 1000 times faster than con-
ventional PFGE (10–240 h). Furthermore, the prism device
has better resolution (,13%) than asymmetric obstacle
arrays [43] and entropic trap arrays [56].

In order to create equivalent migration paths for each
molecule in a mixture, thereby eliminating multipath zone-
broadening, a device was microfabricated in silicon con-
sisting of a matrix of obstacles [68]. The horizontal
obstacle spacing l is 8 mm, the row-to-row spacing is
8 mm, and the gap width d is 1.6 mm. Each row is shifted
laterally by 0.1 l, providing ten lanes. Particles, such as
beads and DNA, are injected from a 10 mm wide channel
at the top of the matrix and are carried across the matrix
by fluid flow. Fluid emerging from a gap between two
obstacles will encounter an obstacle in the next row and
will bifurcate as it moves around the obstacle. When using
such a device, a particle chooses its path deterministi-
cally on the basis of its size. Fluorescence beads and
bacterial artificial chromosomes from Escherichia coli
were used to test the hypothesis in the presence of
hydrodynamic flow (by a driving pressure of 3 kPa) and
electric field (12 V/cm), respectively, because the bacte-
rial artificial chromosomes tend to coil up and can thus be
approximated as soft spheres. When electric fields are
used to drive the molecules through the matrix, they cre-
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Figure 4. Separation of DNA molecules in a DNA prism. (A) Schematic showing the behavior of small
and large DNA molecules in microfabricated arrays through a full cycle of asymmetric electric fields of
alternating angles. (B)–(D) Fluorescence micrographs of continuous DNA separation under different
field strengths. Reprinted from [44], with permission.

ate electric currents, which are bifurcated in the matrix in
the same manner as fluid flow. Bacterial artificial chro-
mosomes of 61 and 158 kb were separated in 10 min.
When compared to the separation of the fluorescence
beads, the separation efficiency is relatively low as a
result of random deformation and stretching of DNA in
higher fields and diffusion (a long separation time at a low
flow rate).

2.4 Magnetic self-assembling sieves

Fabrication processes of the above-mentioned nanode-
vices are sophisticated and the nanotechniques used are
not accessible to most labs. A promising new alternative
is the use of quasi-regular arrays of columns as depicted
in Fig. 1G [69]. The quasi-regular arrays of columns are
formed by confining a suspension of superparamagnetic
particles (with a diameter on the order of a few micro-
meters) between two parallel flat plates under the appli-
cation of a homogeneous magnetic field (. 10 mT). In the
system, the polymer forms a pulley-like structure, where
the two downfield arms of the polymer compete to
release the molecule as a result of polymer post entrap-
ment [70]. The time for disentangling from the post is a
function of the molecular contour length and hence
separation is possible [71, 72]. Doyle et al. [69] employed
self-assembled posts of Fe2O3 ferrofluids with inter-post
spacing of 5 mm to effectively separate l-phage DNA and
associated fragments of 15 and 33.5 kbp in 10 to 15 min.
The l-phage DNA electropherograms are reproducible
within approximately 6% with each subsequent replace-
ment of the sieving medium.

3 Nanomaterials for DNA separation

3.1 Polymer solutions containing nanoparticles

In order to solve the problem of filling capillaries with high-
viscosity polymer solution for separating small DNA
fragments, poly(N,N-dimethylacrylamide) (PDMA, Mw

100 000) containing montmorillonite clay was tested [73].
The addition of 5.061025 g/mL clay into the 5% w/v
PDMA greatly enhanced both the efficiency and resolu-
tion of DNA separation without losing the speed. Mont-
morillonite clay functions like a dynamic cross-linking
plate for the PDMA chains and effectively increases its
apparent molecular mass. However, using clay to
enhance the DNA separation has some limitations: it is
hydrophobic and only interacts with some polymers.
Alternatively, PEO solution containing gold nanoparticles
(GNPs) was used for the analysis of dsDNA fragments by
CE [74, 75]. The separation of DNA ranging in size from 8
to 2176 bp was accomplished in 5 min using 0.2% PEO
(Mw 8 000 000) containing 56 nm GNPs (Fig. 5). Using
0.05% PEO (Mw 2 000 000) containing 13 nm GNPs or
0.05% PEO (Mw 4 000 000) containing 32 nm GNPs, DNA
fragments ranging from 5 to 40 kbp were completely
resolved [75]. The advantages of using PEO containing
GNPs include ease of filling the capillary with such low-
viscosity solutions (, 15 cP), rapidity, high resolving
power (single-base resolution), and excellent reproduci-
bility. When compared to montmorillonite clay, GNPs are
hydrophilic after being capped with capping agents such
as citrate and have narrower size distributions. In addi-
tion, their chemical and physical properties are well-
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Figure 5. Separations of 10 mg/mL DNA markers V and VI using (A) 0.2% PEO (Mw 8 000 000) and (B)
0.2% PEO (Mw 8 000 000) containing 0.3656 nm GNPs. Reprinted from [74], with permission.

known, allowing ease of modification. There are also
many reliable methods available for synthesizing high-
quality GNPs with different sizes and shapes that may be
added to PEO solutions for further optimizing resolution
and speed for DNA. However, a great effort must be paid
to decrease the size distribution of GNPs and to increase
their stability.

0.2% PEO (Mw 8 000 000) containing 0.36 32 nm GNPs
was used to separate DNA fragments ranging in size from
8 to 23 130 bp, with high resolving power and speed
(7 min). Changes in the PEO morphologies in the pres-
ence of GNPs likely account for improved resolution. The
reproducibility of the method is excellent (relative stand-
ard deviations for the migration times less than 0.5%)
when using a capillary dynamically coated with 5.0% PVP.
It is noted that reproducibility and high efficiency are also
due to minimized DNA adsorption on the capillary wall in
the presence of GNPs that are strongly adsorbed on the
wall. When compared to the separation of the same DNA
sample by using a stepwise technique (changes in PEO
concentration), this technique is faster and provides bet-
ter resolution for long DNA fragments [38]. This approach

is advantageous over the use of ultradilute polymer solu-
tion [28], including reproducibility, resolving power, and
speed.

3.2 Polymers adsorbed on gold nanoparticles

Very recently, Chang’s group has presented the first
example of the analysis of long double-stranded (ds) DNA
molecules by nanoparticle-filled capillary electrophoresis
(NFCE) [76]. The GNPs were modified with PEO mole-
cules via noncovalent bonding to avoid aggregation of
GNPs that allow strong interactions with the DNA mole-
cules. As in the transient entanglement mechanism, a
DNA molecule temporarily intertwines with the polymers
adsorbed on a GNP with which it collides during electro-
phoretic separation. The nearly neutral GNPPs (PEO-
modified GNPs) (Fig. 6A) resist the flow and slow down
the migration of the DNA. It is noted that the GNPP
is heavier (. 2.06108 Da per particle) than PEO
(Mw 8 000 000). When compared with the free linear poly-
mers, the polymers adsorbed on the GNPs are stiffer and
less extended, depending on the size of the GNPs and the
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Figure 6. Cartoons for (A) GNPPs and (B) core-shell type nanosphere structures. (B) Reprinted from
[77], with permission.

length of the polymer chain, and, thus, become slightly
deformed under the flow. The separation of l-HindIII DNA
fragments by NFCE was successful at pH 7.0 using 106
(10 times the concentration of the original GNPs) GNPPs
containing EtBr (2.0 mg/mL). By using NFCE, the DNA
fragments with sizes ranging from 8.2 to 48.5 kbp were
well resolved within 7 min except for the 8.2 and 8.6 kbp
fragments, with theoretical plate numbers of 1.86106,
2.26106, and 2.16106 for the 10.1, 24.8, and 48.5 kbp
fragments, respectively. This approach offers the advan-
tages of speed for separating long DNA molecules when
compared to the use of PEO-containing GNPs that must
be conducted at low electric fields. However, preparation
of GNPPs is not easy and NFCE is only useful for sepa-
rating long DNA molecules.

3.3 Nanopacking medium

Baba’s group [77] utilized a nanoparticle medium, core-
shell type nanospheres, in conjunction with a double
pressurization technique for the separation of DNA by
MCE. After filling the separation channel with a 1%
nanosphere solution (Fig. 6B), the sample was injected
from the vertical direction by initial pressure (P1st) appli-
cation. Just before electrophoretic separation, a second-
ary pressure (P2nd) was applied for a few seconds to the
separation channel, which causes the sample at the cross
section to advance further as a dispersed broad. Subse-
quently, electrophoresis was conducted at 220 V/cm
without pressure. In the presence of the nanospheres, the
sample zones were stacked, resulting sharp peak profiles
and high efficiency. The application of the 2nd pressure
also caused a faster separation speed; the separation of
100 to 1000 bp DNA fragments was completed in 60 s,
while that for 1 to 15 kbp DNA ladder was completed in

100 s using the nanosphere medium. As the use of PEO-
containing GNPs, the core-shell type nanospheres are
useful for separating small and long DNA molecules.
Advantages of using the core-shell type nanospheres
over PEO-containing GNPs in MCE are ease of filling (low
viscosity) and speed.

4 Conclusions

The analysis of DNA will remain one of the most important
issues in many fields, such as life science and analytical
chemistry after the post human genome era. Although
numerous DNA analysis techniques, such as DNA micro-
array, gel electrophoresis, and denatured high-perfor-
mance liquid chromatography, are powerful, CE- and
MCE-based separation techniques will still play a strong
role in the DNA analysis. The use of conventional polymer
solutions in CE and MCE is, no doubt, the main technique
for DNA analysis. However, their shortages for separating
long DNA fragments and narrow separation ranges have
put a great demand for new materials and devices. In this
review, we have addressed the basic principle, examples,
and features of some important techniques, such as
entropic trap, nanopillars, and obstacle entrapment for
the separation of long DNA fragments. These techniques
offer common advantages: no need of using sieving
matrixes, and high speed. However, they also share some
common disadvantages: poor resolution for small DNA
molecules, and requirements of complicated fabrication
processes and a sensitive detection system. We also
reviewed several successful DNA separations using
nanomaterials. Unlike the use of nanostructured devices,
CE and MCE with nanomaterials offer great advantages of
simplicity, a broad size separation range, and capability of
separating small DNA fragments. However, preparation of
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nanomaterials that provide high separation efficiency for
DNA separation is a complex and time-consuming pro-
cess. When compared to conventional polymer matrices,
the costs and accessibility of the nanoparticles are prob-
lematic.

The works of nanomaterials and nanostructured devices
reviewed in this article show new trends in the analysis of
DNA. The combination of nanomaterials and nanos-
tructured devices should be desired for separating DNA
molecules with a broad size range (e.g., several bp to
Mbp). In order to prevent the difficulty of filling sieving
matrixes to the nanostructured channels, the use of ex-
tremely low-viscosity nanomaterials is required. By taking
the advanced synthetic techniques, nanomaterials, such
as organic polymers, metallic nanoparticles, and functio-
nalized nanoparticles, can be prepared and tested for
DNA separation. It is also possible to fabricate biofunc-
tional nanostructured devices for DNA analysis. Although
only DNA separations using nanomaterials and nanode-
vices are reviewed in this article, the possibility of using
these techniques for separating proteins and small ana-
lytes should not be ruled out. Using GNP-coated capil-
laries and microchannels, the separations of isomeric
compounds with high efficiency have been demonstrated
[78, 79]. The separation of amines and their metabolites
(acids) using silica nanoparticles has also been recently
demonstrated by Chang’s group (unpublished results).

This work was supported by the National Science Council
of Taiwan under contract NSC 93-2113-M-002-034 and
93-2113-M002-035.
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