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Nanoparticle-filled capillary electrophoresis for the
separation of long DNA molecules in the presence
of hydrodynamic and electrokinetic forces

We report the analysis of long DNA molecules by nanoparticle-filled capillary electro-
phoresis (NFCE) under the influences of hydrodynamic and electrokinetic forces. The
gold nanoparticle (GNP)/polymer composites (GNPPs) prepared from GNPs and
poly(ethylene oxide) were filled in a capillary to act as separation matrices for DNA
separation. The separations of l-DNA (0.12–23.1 kbp) and high-molecular-weight DNA
markers (8.27–48.5 kbp) by NFCE, under an electric field of 2140 V/cm and a hydro-
dynamic flow velocity of 554 mm/s, were accomplished within 5 min. To further inves-
tigate the separation mechanism, the migration of l-DNA was monitored in real time
using a charge-coupled device (CCD) imaging system. The GNPPs provide greater
retardation than do conventional polymer media when they are encountered during the
electrophoretic process. The presence of interactions between the GNPPs and the
DNA molecules is further supported by the fluorescence quenching of prelabeled
l-DNA, which occurs through an energy transfer mechanism. Based on the results
presented in this study, we suggest that the electric field, hydrodynamic flow, and
GNPP concentration are the three main determinants of DNA separation in NFCE.

Keywords: Capillary electrophoresis / DNA separation / Gold nanoparticles / Poly(ethylene
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1 Introduction

Pulsed-field gel electrophoresis (PFGE) is currently the
method of choice for the analysis of long DNA mole-
cules, but it is very time-consuming and difficult to inte-
grate [1–4]. To overcome these shortages, alternative
methods, such as capillary pulsed gel electrophoresis,
have been developed [5–9]. Like PFGE, however, capil-
lary pulsed gel electrophoresis has some shortages: the
resolution of the separation of long DNA molecules
decreases as their molecular mass increases, reproduc-
ibility can be problematic, and the system’s requirements
are rather complicated. Very recently, the use of chip-
based nanostructures [10–16] and the filling of nano-
particle media into microchannels [17–23] have been
demonstrated to be applicable to the separation of long
DNA molecules. Following the report of the first etched
microlithographic array of posts [10], recent research has

produced separation devices based on asymmetric
Brownian ratchets [11, 12], entropic traps [13, 14], and
nanopatterned surfaces [15]. The operating principles
applied in these devices rely on the effects that the size,
shape, and/or surface properties of the nanostructures
have on the mobility of the DNA chains. For example, a
nanopillar-based separation system has been employed
to separate long DNA molecules in which the spacing
between the pillars was smaller than the normal geo-
metric size (e.g., the radius of gyration) of the DNA ana-
lytes [16]. When the DNA molecules intruded into the
nanopillar channel, they migrated at different velocities
according to their molecular weights, which indicates
that the nanopillars produce a molecular sieving effect
and function as a DNA sieving matrix. The fabrication of
these devices however requires sophisticated tech-
niques and is costly. A promising new alternative is the
use of self-assembled magnetic particles (having diam-
eters on the order of a few micrometers) for the micro-
fluidic separation of large DNA fragments under a ho-
mogeneous magnetic field (.10 mT) [17]. A medium
composed of self-assembled posts of a ferrofluid having
interpost spacings of 5 mm provides high resolving
power for the separation, within 10–15 min, of 48.5 kbp
l-DNA and associated fragments (15 and 33.5 kbp). This
new device, along with the nanostructures mentioned
above, shares, however, the same shortages; it is difficult
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to predict the nanostructure dependence of the DNA
mobility, which characterizes the degree of separation
and dispersion of DNA molecules.

Recently, we introduced two new CE approaches for the
analysis of long DNA molecules [20–22]. Using poly-
(ethylene oxide) (PEO) solutions containing gold nano-
particles (GNPs), we demonstrated the separation and
analysis of 5 kbp DNA ladders (5–40 kbp) under a con-
stant electric field (25 V/cm); the reproducibility was
good, but the separation was slow (within 27 min) [20]. To
shorten the analysis time, we developed nanoparticle-fil-
led capillary electrophoresis (NFCE). In NFCE, the capil-
lary is filled with GNP/PEO composites (GNPPs) [21]. The
separation is based on the interactions between the
GNPPs and DNA molecules. Using high-molecular-
weight (HMW) GNPPs (.2.0 6 108 g/particle) that have a
very small electrophoretic mobility (7.01 6 1025 cm2/V?s),
DNA migration is retarded by interactions (collisions) with
the GNPPs [24, 25]. Additionally, core-shell-type globular
nanoparticles have been applied in microchip CE to the
separation of DNA fragments having sizes ranging from 1
to 15 kbp [23]. The separation time can be shortened to
100 s when pressure is applied, while the resolution is
retained as a result of the stacking effect of the nano-
particles on the DNA fragments.

The goals of this work were to prepare GNPPs in a simple
and rapid manner, to further improve the resolution of the
separation of the long DNA molecules by applying elec-
trical and hydrodynamic forces simultaneously, and to
gain insight into the separation mechanism.

2 Materials and methods

2.1 Chemicals

Sodium tetrachloroaurate(III) dehydrate was obtained
from Sigma (St. Louis, MO, USA). Trisodium citrate was
obtained from Riedel-de Haën (Seelze, Germany). PEO
(Mw: 8 6 106), PEO (Mw: 2 6 106), and PVP (Mw:
1.3 6 106) were purchased from Aldrich (Milwaukee, WI,
USA), respectively. Glycine was purchased from ICN Bio-
medicals (Aurora, OH, USA). Ethidium bromide (EtBr) was
obtained from Pharmacia Biotech (Uppsala, Sweden). It
should be noted that EtBr is a highly carcinogenic com-
pound and must be handled after wearing gloves. l-DNA
was purchased from Amersham Pharmacia Biotech (Pis-
cataway, NJ, USA) and the HMW DNA marker was pur-
chased from Life Technologies (Rockville, MD, USA).
l-DNA (48 502 bp) was obtained from Fluka (Buchs, Switz-
erland). The glycine–citrate buffer consisted of glycine
(pKa1 = 2.35 and pKa2 = 9.778) and trisodium citrate

(pKa1 = 3.128, pKa2 = 4.761, and pKa3 = 6.396) was used
to adjust the pH. In this paper, the molarity of the glycine–
citrate buffers refers to that of glycine.

2.2 CE

We have described our home-built CE setup, equipped
with laser-induced fluorescence detection, in a previous
paper [21]. Briefly, a high-voltage power supply (Gamma
High Voltage Research, Ormond Beach, FL, USA) was
used to drive electrophoresis and 4 mW of 543.5-nm laser
light from an He–Ne laser (model 1675; Uniphase, Man-
teca, CA, USA) was used for excitation. The fluorescence
light was collected with a 106 objective (numeric aper-
ture 0.25). One RG 610 cutoff filter (Edmund Industrial
Optics, Barrington, NJ, USA) was used to block scattered
light before the emitted light reached the phototube
(R928; Hamamatsu Photonics K. K., Shizuoka-Ken,
Japan). The fluorescence signal was transferred directly
through a 10-kO resistor to a 24-bit A/D interface oper-
ated at 10 Hz (Borwin, JMBS Developments, Le Fontanil,
France) and stored in a PC. The 40-cm capillaries (Poly-
micro Technologies, Phoenix, AZ, USA), which had 75 mm
id and 365 mm od, were coated dynamically overnight
using 5.0% PVP prior to use in DNA separations.

2.3 Fluorescence imaging

The optical setup we used to observe the migration of
l-DNA in the capillary was similar to that reported by
Preisler and Yeung [26]. A CCD camera (Andor Technol-
ogy, Belfast, Northern Ireland) equipped with a 25-mm
AVENIR camera lens was used for image capture. The
light at 532 nm emitted from a 10-mW solid-state laser
was focused by a convex lens and expanded horizontally
to 5 cm upon the detection window by the use of two cy-
lindrical lenses. The polyimide coating of the capillary was
removed from a 3.6-cm segment to impart the capillary
with optical transparency. The CCD camera exposure
frequency was 5.5 Hz, and the exposure time was 100 ms
for each frame. Each frame consists of 510 (hor-
izontal) 6 54 (vertical) pixels. We calculated the velocity
of l-DNA between the 505th and 25th pixels, which cor-
responded to the 3.4 cm capillary length. One RG-590 nm
cutoff filter (Edmund Industrial Optics) was used to elim-
inate scattered light before the emitted light entered into
the CCD camera.

2.4 Synthesis of GNPs and GNPPs

The 32-nm GNPs were prepared according to the
reported methods [27]. Briefly, 0.01% AuCl4

2 solution
(50 mL) was heated under reflux and then 1% trisodium

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Electrophoresis 2005, 26, 3069–3075 Nanoparticle-filled capillary electrophoresis 3071

citrate (0.5 mL) was added. The mixture was heated for
a further 8 min, during which time the solution changed
its color from pale-yellow to purple, indicating the for-
mation of the 32-nm GNPs. The solution was cooled to
room temperature and then its UV–Vis absorption
spectrum was recorded, which displayed the surface
plasmon resonance band at 528 nm. Transmission elec-
tron microscopy (TEM) images (not shown) further con-
firmed that the size of the GNPs is 32 nm 69%) [27].
The preparation of the GNPPs was conducted by mix-
ing the GNPs directly with PEO. The PEO(2 MDa) and
PEO(8 MDa) solutions, which have molecular weights
(Mw) of 8 6 106 and 2 6 106 (Aldrich), were dissolved in
10 mM glycine–citrate solution (pH 7.0). Aliquots of 0.1%
PEO solutions (0.1–20 mL) were added separately to
different concentrations of the GNPs solutions (1–106)
such that the final volume of the mixture was 1 mL and
the final concentrations of PEO ranged from 0.00005 to
0.003%. The solutions were equilibrated at ambient
temperature and pressure overnight and then mixed
with a suitable concentration of EtBr.

2.5 NFCE

Before conducting separations, the dynamically coated
capillary was flushed with deionized water to remove PEO
and then filled with the GNPPs by applying a low pressure
(syringe pushing). DNA samples were hydrodynamically
injected at the cathode end into the coated capillary at a
15-cm height for 15 s when fluorescence images were
taken and at a 20-cm height for 5 s when conducting CE
separations. The separations were conducted at electric
fields ranging from 260 to 2260 V/cm. Hydrodynamic

flow was applied by changing the cathodic height of the
buffer reservoir. After each run, the solution of GNPPs was
flushed out using low pressure.

3 Results and discussion

3.1 Impacts of hydrodynamic and electrokinetic
forces on the migration of º-DNA

To understand the roles that the GNPPs and the driving
forces have on DNA separation, we monitored the migra-
tion of l-DNA in PEO solution and in the presence of
GNPP(PEO2) and GNPP(PEO8) under the separate influ-
ences of an electric field (electrokinetic force) and pressure
(hydrodynamic force). In this study, GNPP(PEO2) and
GNPP(PEO8) denote GNP/PEO (Mw: 2 6 106) and GNP/
PEO (Mw: 8 6 106) composites, respectively. Figure 1A
and B presents CCD images of the initial progress of
l-DNA in the capillary (traveling region is within 3.6 cm of the
injection end). Within 40 s, the migration velocity of l-DNA
in the PEO solution was greater than it was in either of the
GNPP matrices under an electric field of 2140 V/cm (Fig.
1A), mainly because of the differential retardation effect of
the separation matrices. Relative to the effect of the PEO
molecules (8 6 106 g/mol), the GNPPs (2 6 108 g/mol for
the 32-nm GNP) retard the DNA molecules to a greater
extent once they are encountered during collision. In addi-
tion to the mass effect, the interactions between the PEO
molecules adsorbed on the GNPs and the DNA strands
lead to the small electrophoretic mobility in the
GNPP(PEO2)-filled capillary. It has been reported that
when the size of the polymer molecule is large relative to

Figure 1. Electrophoretic behavior of l-DNA in
GNPPs and conventional polymer media. CCD
images display the electrophoretic movement
of l-DNA (100.0 mg/mL) at different times under
an electric field of 2140 V/cm (A) in the pres-
ence and (B) absence of a hydrodynamic flow
(554 mm/s). Images of the initial progress of
l-DNA were recorded in the region 3.6 cm from
the injection end. Three separation media –
0.002% PEO(2 MDa), 36GNPP(PEO2), and
56GNPP(PEO8) – were prepared in 10 mM gly-
cine–citrate solution (pH 7.0) containing 0.5 mg/
mL EtBr. Total length and effective length are 40
and 7 cm, respectively. DNA samples were
injected hydrodynamically at 15 cm for 15 s.
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that of the particle, a few loops or tails protrude into the
solution [28, 29]. Similarly, the retardation of the DNA
molecules caused by the GNPPs is greater in the pres-
ence of hydrodynamic flow because of the small degree
of diffusion of the GNPPs and their interaction with the
capillary wall (Fig. 1B). When comparing the electro-
pherogram patterns (Fig. 2), at least three peaks corre-
sponding to l-DNA molecules were resolved when the
PEO solution was used, but only one peak is observed in
the case of the GNPP-filled capillaries [21]. The high
electric field not only breaks up the secondary and tertiary
structures of the nucleic acids but also induces the
occurrence of aggregation [30–34], which leads to
changes in the electropherogram patterns. We note that only
one broadband for each initial sample plug was observed
when we monitored the injection of the DNA intercalated
with 0.5 mg/mL EtBr. Further evidence that l-DNA cleaves
or aggregates in PEO solution under the influence of the
high electric field is provided by the fact that there we
observed only one single band in the absence of electric
field (Fig. 1B). We suggest that the presence of the
GNPPs can minimize the degree of cleavage and aggre-
gation of l-DNA under a high electric field, which results
in greater separation efficiency. The effects that the
GNPPs have on the stability of the DNA molecules are
likely to be due to the interactions between these species,
which lead to less access for cleavage and extension of
DNA molecules to minimize hydrophobic patches. By
using digested l-DNA (0.12–23.1 kbp), we found that the
optimum concentrations for separation were 36
GNPP(PEO2) and 56GNPP(PEO8), respectively; we define
the concentration of the as-prepared GNPs to be
16(the concentration is ,1.661011 particles/mL = 0.27 nM).

The role that the hydrodynamic flow plays in determining
the degree of DNA separation was investigated by Yeung
et al. [35–37], who demonstrated that a mixture of l-DNA

Figure 2. Electropherograms of l-DNA in GNPPs and
conventional polymer media. Data shown in Figs. 1A–C
were transferred to electropherograms A, B, and C,
respectively, by using Andor software.

and FX174 RF DNA digests could be separated when
applying four cycles of hydrodynamic flow (for 1 min each)
between applications of the electric field. These authors
found that when an electric field is applied to induce
electrophoretic motion in the same direction as the
hydrodynamic flow, DNA molecules become focused and
move toward the center of the capillary, which leads to a
decrease in both band broadening and cleavage. As a
result, a greater resolution of long DNA molecules is
achieved. On the basis of these authors’ results and our
observations (Fig. 1), we believe that the separation of
long DNA molecules should benefit from the application
of hydrodynamic flow in the same direction as that of the
DNA migration under an applied electric field. The hydro-
dynamic flow was generated by setting the cathodic
reservoir to a value higher than the anodic one, and the
flow velocities for hydrodynamic flow were 399–899 mm/s
when the height differences of 4.0–8.5 cm were adjusted.
At constant GNPP concentrations, a hydrodynamic flow
of 554 mm/s is suitable in terms of resolution and speed.
The contribution that the hydrodynamic flow provides to
the rate of travel of the DNA molecules is greater than
12% under an electric field of 2140 V/cm (Table 1). The
decreasing order of the hydrodynamic flow velocities is
attributable mainly to the increased viscosity and
decreased diffusion coefficients of the separation
matrices. Table 1 also presents the calculated velocities
(V1) for l-DNA, which are 8.60 6 1022, 7.41 6 1022,
and 6.90 6 1022 cm/s in 0.002% PEO(2 MDa), 36
GNPP(PEO2), and 56 GNPP(PEO8), respectively.

3.2 Separation of º-DNA and HMW DNA

Using 36 GNPPs, the digested l-DNA (0.12–23.1 kbp)
and fragments of HMW DNA (8.2–48.5 kbp) were resolved
well, apart from the 48.5/38.4 kbp pair, within 5 min under
an electric field of 2140 V/cm and a hydrodynamic flow
velocity of 554 mm/s (Figs. 3A and B). The RSD of the
migration times for l-DNA fragments in triplicate runs are
less than 0.8%. The number of theoretical plates of the
HMW DNA fragments ranges from 3.5 6 105 to
2.2 6 106. Because a long DNA fragment has a larger
radius of gyration and stretched length (e.g., 48.5-kbp
DNA has gyration radius and fully stretched length of
520 nm and 21 mm, respectively) [38], it has a greater
probability of interacting simultaneously with more than
one GNPP and, hence, its dragging force is stronger
relative to that of a short fragment. Our hypothesis is
supported by the fact that the values of the electropho-
retic mobility of l-DNA in 56 GNPP(PEO8) at 260, 2140,
and 2260 V/cm are 6.70 6 1024, 4.93 6 1024, and
3.48 6 1024 cm2/V?s, respectively. Under a high elec-
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Table 1. Effect of the hydrodynamic flow on the mobility of l-DNA under an electric field of 2140 V/cm

Electric field 1

hydrodynamic flowa)
Hydrodynamic flow Ratio Mobilityb)

Separation matrix V1

(61022 cm/s)a)
RSD
(n = 3)

V2

(61022 cm/s)
RSD
(n = 3)

(V2/V1) 6 100% mep

(61024 cm2/V 6 s)

PEO(2 MDa) 8.60 2.9% 2.04 1.0% 25.3 4.68
GNPP(PEO2) 7.41 1.9% 1.50 0.8% 20.2 4.22
GNPP(PEO8) 6.90 3.2% 0.84 0.9% 12.1 4.32

a) Velocity of l-DNA was calculated between the 505th and 25th pixel, which is a distance that corresponded to the 3.4 cm
capillary length.

b) Electrophoretic mobility was calculated according to the expression mep = (V12V2)/E, where E is the strength of the
electric field.

Figure 3. Separations of long DNA fragments in the
presence of GNPPs under the influence of electrokinetic
and hydrodynamic forces. (A) l-DNA fragments (10 mg/
mL) in 36 GNPP(PEO2). (B) HMW DNA fragments (10 mg/
mL) in 36 GNPP(PEO2), containing 0.5 mM NaCl. Number
of base pairs of the corresponding DNA fragments is
indicated. Fused-silica capillary: 365 mm od, 75 mm id,
40 cm total length, and 30 cm effective length. Separation
conditions: pressure injection at 20 cm for 5 s, separation
at 2140 V/cm, the velocity of hydrodynamic flow is
554 mm/s.

tric field, DNA molecules extend to a greater degree, and
thus they experience stronger interactions with the
GNPPs [39]. When compared with the results of our pre-
vious study [21], this new technique has the advantages
of greater resolution, rapid separation, excellent repro-
ducibility, ease of preparation, and fewer undesired peaks
arising from aggregation, cleavage, and spikes due to
scattering.

3.3 Interactions between DNA and GNPPs

To further investigate the nature of the collisions between
the DNA molecules and GNPPs, we monitored the
fluorescence of EtBr-intercalated DNA in 0.002%
PEO(2 MDa), 56 GNPP(PEO8), and 36 GNPPs(PEO2),
using an imaging system. In our previous study, we found
that the fluorescence of EtBr-intercalated DNA is
quenched by the GNPPs as a result of energy transfer [21].
To monitor the fluorescence, an EtBr-intercalated l-DNA
plug was injected hydrodynamically into the capillary from
the cathodic end and then this sample plug was pushed
close to the observation window. After applying the volt-
age, the fluorescence intensity of EtBr-intercalated l-DNA
remained almost constant when 0.002% PEO(2 MDa) was
used, but the intensity when using GNPPs decreased dra-
matically (Figs. 4A–C). These results support the notion
that interactions occur between the DNA molecules and
the GNPPs. Figure 5 provides further evidence that the
fluorescence quenching of l-DNA resulting from the pres-
ence of the GNPPs is small in the absence of the electric
field (only hydrodynamic flow exists), mainly because of
lower frequency of collisions that arise when l-DNA mole-
cules exist in their more compact structures. Again, we
note that DNA molecules stretch to a greater extent in high
electric fields, which leads to a greater number of their
interactions with the GNPPs. Our observed fluorescence
quenching supports the notion that the DNA molecules
interact with the GNPPs during the course of their separa-
tion, which determines the selectivity of separation.

4 Concluding remarks

We have demonstrated that the separation of long DNA
fragments, with sizes ranging from 8.2 to 48.5 kbp, occurs
using NFCE, which has the advantages of high efficiency,
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Figure 4. Observations of the fluorescence intensity of
l-DNA during the electrophoresis process in the different
matrices. (A) PEO(2 MDa). (B) GNPP(PEO8) solution con-
taining 56 GNPs. (C) GNPP(PEO2) solution containing
36 GNPs. A 50 mg/mL sample of l-DNA was prelabeled
with 50 mg/mL EtBr. All other conditions are the same as
those described in Fig. 1.

high speed, and reproducibility. The interactions between
the DNA molecules and GNPPs and hydrodynamic flow
have great impacts on the resolution of the process. Our
results suggest that the separation efficiency and speed
for different DNA samples can be optimized further by
using differently sized and shaped GNPPs, or other
nanoparticles, and/or by adjusting the velocity of the
hydrodynamic flow. When compared with the use of chip-
based nanostructures for separating long DNA mole-
cules, NFCE is a simple process that is accessible to
most laboratories. The use of polymer-absorbed nano-
particles is fully competitive with–and, in many cases,
superior to–the methods employed conventionally for the

Figure 5. Plots of log F (fluorescence intensity) versus
CCD pixels obtained under the various running condi-
tions. * denotes that only hydrodynamic flow was applied.
All other conditions are the same as those described in
Fig. 4.

separation of long DNA fragments, and this new method
has great potential for other applications, such as protein
separation.
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