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A B S T R A C T

Hydrodynamic chromatography (HDC) is a technique originally developed for separating particles. We have
recently extended it to DNA fragment sizing and quantitation. In this review, we focus on this extension. After we
briefly introduce the history of HDC, we present the evolution of open tubular HDC for DNA fragment sizing. We
cover both the theoretical aspect and the experimental implementation of this technique. We describe various
approaches to execute the separation, discuss its representative applications and provide a future perspective of
this technique in the conclusion section of this review.
1. Introduction

Chromatography as a separation technique plays a crucial role in the
field of analytical chemistry. According to the state of mobile phase,
chromatography is categorized into gas chromatography, liquid chro-
matography, and supercritical-fluid chromatography. Since a liquid is
employed as the mobile phase, hydrodynamic chromatography (HDC)
belongs to the category of liquid chromatography. Unlike most other
kinds of liquid chromatography, HDC is a separation method relying on
the molecular size differences. The first HDC-type separation was carried
out by Pedersen who separated a protein mixture on a column packed
with 20–35 μm impermeable glass spheres in 1962 [1]. In the late 1960s,
DiMarzio and Guttman [2, 3, 4] introduced a technique termed as sep-
aration by flow which could be recognized as a form of HDC. In the
mid-1960s, Small was asked to develop an efficient technique for char-
acterizing the size of a plastisol resin whose particle diameter was around
1 μm and revealed an interesting hydrodynamic phenomenon of these
particles after multiple experiments [5]. Small and co-workers [6] pub-
lished their first HDC paper in 1974. Columns packed with nonporous
solid particles were used to separate various colloidal samples, such as
polystyrene latexes, carbon black, and colloidal silica. Colloidal particles
in the submicron range were successfully separated and their elution
order depended on particle size, column packingmethod and eluent ionic
strength. Based on the experimental results, Small also proposed a
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separation mechanism and named the technique as “Hydrodynamic
Chromatography”. HDC has shown the potential for particle sizing,
however, the size accuracy and size distribution measurements were
often uncertain since the validations needed to use transmission electron
microscopy (TEM) [7]. With the implementation of multiple detector
system, HDC with triple- and quadruple-detectors [8, 9, 10, 11, 12] has
been employed to characterize particles including particle size, shape,
and structure. Reviews of this work can be found in literature [13].

Because a DNA molecule carries genetic information utilized in life
processes of most organisms and some viruses, analysis of DNA is
important for molecular biological research. Conventional methods
applied for DNA analysis are slab-gel electrophoresis [14] and
pulsed-field gel electrophoresis (PFGE) [15]. However, these methods
not only include tedious manual operations such as gel preparation and
sample loading, but also have low separation speed [16]. In order to
improve the efficiencies, reduce the separation time, enhance the reso-
lution and increase the throughput, capillary gel electrophoresis (CGE)
[17] and capillary array electrophoresis (CAE) [18] have been proposed.
Polymeric sieving matrices used in the above techniques bring new
challenges, as the matrices need to be loaded and replaced after each run.
These problems can be avoided if the separation can be performed in free
solution. Electrophoretic mobilities of all DNA fragments are similar due
to the similar mass-to-charge ratios (m/z), thus DNA fragments cannot be
resolved by free-solution electrophoresis [19]. After each DNA fragment
iu).
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was attached with a monodisperse entity, varying m/z values could be
created. This approach was theoretically proposed by Noolandi [20] in
1992 and experimentally validated to separate DNA fragment effectively
in 1998 [22]. In 1994 [21] it was named end-labeled free-solution
electrophoresis. With the development of micro- and nano-fabrication
technology, entropic trapping [23, 24] and DNA prism [25, 26] have
also been utilized to analyze DNA fragments in free solution.
High-performance liquid chromatography (HPLC) has been also applied
for DNA analysis in free solution with various modes, such as
ion-exchange chromatography [27], ion-pair reversed-phase chroma-
tography [28, 29], size exclusion chromatography [30, 31, 32], slalom
chromatography [33, 34] and HDC [35, 36]. These approaches avoid the
issues caused by viscous gels mentioned above and provide potential
alternatives to gel electrophoresis, while the resolutions cannot compete
with that of gel electrophoresis. A previous review [37] summarized
these approaches for resolving DNA fragments in free solution.

Recently, HDC with narrow columns shows excellent resolving per-
formance for various biomolecules [38, 39, 40]. When our group started
working on narrow capillary chromatography to separate some charged
anions, it was found that narrow capillary could resolve DNAs from a few
base pairs to hundreds of thousands of base pairs in a single run, and this
method was expected to be a promising alternative technique for PFGE.
An electrostatic interaction mechanism, the wall-layer electrostatic
interaction mechanism, was proposed to explain the theoretical mecha-
nism for separation of short DNA molecules [41, 42]. For large DNA
Table 1. Literature summary of HDC for DNA analysis.

Category Column Analyte

Microcapillary
HDC

1-μm i.d.,
2.5-μm i.d., 5-μm i.d.

1 kbp plus DNA ladder

5-μm i.d. Lambda DNAMono Cut Mix, restriction enzyme
digested real-world samples

2-μm i.d. 1 kbp plus DNA ladder,
λ Hind III digest DNA

2-μm i.d. λ Hind III digest DNA,
100 bp DNA ladder

1.6-μm i.d. ds DNA samples (Lambda DNA, Hind III
digested Lambda DNA, 1 kbp DNA ladder, and
Supercoiled DNA Ladder), ss DNA

2-μm i.d., 5-μm i.d. E. coli single stranded binding protein (SSB)-
DNA samples, DNA condensation samples

Nanocapillary
HDC

500-nm-i.d. 1 kbp DNA ladder, 100 bp DNA ladder

500-nm i.d. dT5, dT10, dT15, dT20, 1 kbp DNA ladder, 100 bp
DNA ladder, real-world genotyping samples
from Arabidopsis plants

750-nm i.d. ultra low range DNA ladder, 100 bp DNA
ladder, 1 kbp plus DNA ladder and λDNA

750-nm i.d. 1 kb plus DNA ladder

750-nm i.d. A mixture of 10, 25 bp DNA and 50 bp DNA
ladder

HDC on
chip-capillary
hybrid device

2-μm i.d. 1 kbp plus DNA ladder

2-μm i.d. 1 kb plus DNA ladder

2-μm i.d. 1 kb plus DNA ladder, plasmid DNA from E. coli

2-μm i.d. 1 kb plus DNA ladder
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molecules, HDC was found to be the primary mechanism for their sepa-
rations [37]. Owing to its excellent performance for DNA analysis, HDC
has been widely studied in recent years. In this review, we focus on this
kind of method based on HDC in free solution for DNA fragment sizing
and quantitation. Table 1 provides a summary of literatures on HDC for
DNA analysis.

2. Fundamental principle of HDC separation

HDC can be performed in either a packed column or an open capil-
lary. Packed column HDC is usually used to characterize particles and
polymers [13]. For biomacromolecules, open capillary HDC is proven to
be highly successful with great resolutions. The separation principle of
packed column HDC is identical to that of open capillary HDC, as the
interstitial space among spherical particles in the packed column can be
viewed as a series of open capillaries.

Under laminar flow conditions, parabolic or Poiseuille-like flow
profile is generated as a pressure is applied to the open tube or the
interstitial space of the packed column (see Figure 1a) according to
Hagen-Poiseuille law. The flow streamlines near the walls of the tube (or
the packing particles) are the smallest, while those in the middle of the
tube (or the interstitial spaces among packing particles) are the largest.
Because a large DNA in the sample cannot get as close to the wall of the
tube (or the packing particles) as a small DNA can, the large DNA mi-
grates through the tube (or among the packing particles) at a higher
Apparatus Comment Reference

BaNC-HDC DNA fragments with a wide size range were
resolved in a single run.

[51]

BaNC-HDC This work concluded that BaNC-HDC could be an
excellent alternative to PFGE by comparing these
two methods.

[52]

BaNC-HDC A splitting-based microchip injector was developed
to achieve injection volume from pL to fL and size
and quantity of DNA fragments were obtained
simultaneously.

[49]

SML-FSHS 100% mass detection efficiency of single molecules
was achieved.

[53]

SML-FSHS Analysis of DNA conformation changes and binding
interactions were performed.

[62]

SML-FSHS DNA�biomolecule interactions and DNA
conformational changes were studied.

[63]

BaNC-HDC An electrostatic interaction mechanism was
proposed to explain the separation process.

[41]

BaNC-HDC Genotyping fragments were resolved to
demonstrate the feasibility for real world sample.

[42]

BaNC-HDC The transport mechanism of confined DNA in
narrow channels was studied and four distinct
length regions were observed.

[46]

BaNC-HDC This work studied the effect of temperature on DNA
separation using BaNC-HDC.

[56]

BaNC-HDC This work focused on the elution conditions (eluent
concentration, and pressure) on DNA separation
using BaNC-HDC.

[57]

BaNC-HDC DNA fragments with a wide size range were
resolved at separation efficiency of more than one
million theoretical plates per meter.

[50]

BaNC-HDC This work described how to construct and adjust the
confocal LIF for BaNC-HDC.

[58]

BaNC-HDC An EOP and a microchip injector were incorporated
with BaNC-HDC in this work.

[59]

BaNC-HDC This work integrated multiplex polymerase chain
reaction (PCR), on-line dye intercalation into BaNC-
HDC for online DNA analysis.

[61]



Figure 1. Separation mechanism in HDC. Arrows indicate the flow streamlines. (a) A sample containing two components is injected into an open tubular column and
the larger blue analyte resides closer to the center of the column and migrates with a higher average velocity. (b) The larger blue analyte elutes from the column earlier
than the smaller green analyte does.
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average velocity than a small DNA does. This results in a separation in
which a lager DNA elutes earlier than a smaller one does (see Figure 1b)
[43].

Various theoretical models have been established to explain the
retention mechanism of analytes in HDC. Dimarzio and Guttman [2, 3]
introduced a theory which considered hydrodynamic factors only, as well
as the theory raised by Brenner and Gaydos [44]. Tijssen et al [45]
studied the separation mechanism for polystyrene standards in open
microcapillary columns with inner diameters of 1 μm and column vol-
umes of <20 nL. Multiple HDC models based on dilute solutions have
been proposed as shown in Table 2, which was assuming that the
colloidal forces and tubular pinch effects were absent as well as the in-
teractions with walls. The residence times followed closely with the
modified Dimarzio-Guttman and Brenner-Gaydos theories. The macro-
molecule was considered to be a finite sphere with a diameter of 2a, and
the column diameter was 2R, the aspect ratio λ ¼ a/R. A dimensionless
residence time, τ, was denoted as the radio of the residence time of the
macromolecules to that of the solvent molecules. Linear model I in
Table 2 did not consider any the hydrodynamic effects. As for analysis of
DNA fragments, the migration behavior in capillary is expressed by
quadratic model II, and its derivation is presented in 3.1.
Table 2. Theoretical models for residence times in HDC [45].

Model Aspect radio

I λ < 0.02; exclusion only

II λ<<1; exclusion and flow profile

III λ < 1; exclusion, flow profile, and rotation

IV λ < 1; exclusion, flow profile, and rotation

V λ < 1; exclusion, flow profile, and rotation

VI λ < 1; exclusion, flow profile, and rotation

VII λ < 1; exclusion, flow profile, and rotation

VIII λ < 1; exclusion, flow profile, and rotation

Figure 2. Schematic illustration of HDC quadratic model. (Reprinted with p
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3. Extension of HDC to DNA separation: theory

3.1. Basic mechanism

Figure 2 presents the HDC quadratic model. If we assume a DNA
fragment is a solid particle with an equivalent radius of q, its position can
be represented by its center. When q is not negligible compared to the
bore radius of the separation capillary, the DNA molecule can only reside
within the middle region (R-q � r � R) of the capillary. Therefore, a
larger DNA fragment spends more time in the center region of the
parabolic flow and travels inside the capillary at a higher average ve-
locity which resulted in exiting the column earlier than a smaller one.
Wang et al. [46] explained the DNA transport mechanism using HDC
quadratic model (model II in Table 2). They assumed that (1) a DNA
molecule is small enough to not affect the laminar flow in the capillary,
(2) Brownianmotion occurs in all possible radial directions of the column
cross-section, and (3) the radial diffusion of DNA molecule is fast enough
to transport the DNA fragment over the column cross-section many times
during the total residence time, i.e., DNA fragments are distributed
evenly in the capillary cross-section, then the relative mobility of the
DNA molecule, μa, can be determined by Eq. (1):
Particle type Equation of calibration curve

hard spheres and permeable spheres τ ¼ ð1þ 2λÞ�1

hard spheres and permeable spheres τ ¼ ð1þ 2λ� λ2Þ�1

hard spheres τ ¼ ½1þ 2λ� 2:333λ2��1

permeable spheres τ ¼ ½1þ 2λ� 1:465λ2��1

permeable spheres τ ¼ ½1þ 2λ� 2:698λ2��1

hard spheres τ ¼ ½1þ 2λ� 4:89λ2��1

permeable spheres τ ¼ ½1þ 2λ� 4:03λ2��1

permeable spheres τ ¼ ½1þ 2λ� 5:26λ2��1

ermission from ref. 46. Copyright (2012) American Chemical Society).
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ua ¼ 2π
Z R�a

uðrÞnrdr¼ u
�
1þ2λ� λ2

�
(1)
0

or Eq. (2):

μa ¼
ua
u

¼ �
1þ2λ� λ2

�
(2)

in which uðrÞ denotes the velocity profile of a Poiseuille flow, a is the
effective radius of DNA molecule, λ ¼ a/R, u represents the average ve-
locity of the eluent.

The residence time of DNA molecule τ can be defined as the radio of
the residence time of the DNA molecule to that of the eluent, thus can be
calculated as Eq. (3)

τ¼ 1�
1þ 2λ� λ2

� (3)

DNA molecule can be considered as a particle with an effective hy-
drodynamic radius of RHD [47] which can be estimated by Eq. (4),

RHD ¼ c� Lv (4)

where L represents the DNA size in kbp, ν is the scaling exponent, and c is
a constant.

Substituting Eq. (4) into Eq. (2), Eq. (2) then can be written as Eq. (5):

μa ¼
ua
u

¼ 1þ2� c� Lv

R
�
�
c� Lv

R

�2

(5)

Stein et al. [48] investigated the mobility of DNAmolecules driven by
pressure in silica channel with height of 175 nm to 3.0 μm using fluo-
rescently labeled DNA by fluorescence microscopy. Three linear DNA
fragments with lengths of 48.5 kbp, 20.3 kbp and 8.8 kbp were studied.
The corresponding equilibrium DNA coil sizes were 0.73 μm, 0.46 μm
and 0.29 μm, respectively. Two distinct behaviors were observed as
shown in Figure 3. In channels larger than the DNA coil size, DNA mol-
ecules can diffuse freely in the channel. According to the HDC principle
described above, long DNA molecules were confined to the center of the
channel with the highest fluid velocity, so, increasing the DNA molecular
length would increase DNA pressure-driven mobility. In channels smaller
than the DNA coil size, the DNA molecules were stretched and squeezed
into pancake-like conformation, and the mobility was a constant inde-
pendent of the channel depth. Furthermore, the difference in lengths of
DNA molecules resulted in the difference in widens of the new DNA
conformation, while the concentration profiles of DNA molecules across
Figure 3. Dependence of DNA mobility on molecule length and channel height.
(Reprinted with permission from ref. 48. Copyright (2006) National Academy of
Sciences, U.S.A.).
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the channel height were length-independent. This explained that same
mobilities were obtained for long and short DNAmolecules in this region.
However, this paper is short of providing a mathematic model to evaluate
DNA fragment size based on the measured mobility.

Wang et al. [46] studied the transport mechanism of DNA confined in
a 750-nm-radius capillary using double-stranded DNA fragments ranging
from 10 bp to 1.9 Mbp under pressure-driven conditions following Eq.
(5). Relationship between the relative mobility of the DNA molecule (μa)
and DNA size (L) was obtained as presented in Figure 4. Four distinct size
regions were observed in terms of DNA length and termed as rod-like
region, free-coiled region, transition region and constant mobility re-
gion, respectively. The persistence length of double-stranded DNA was
approximately 150 bp. In the rod-like region, DNA molecules shorter
than 150 bp behaved like molecular rods. In free-coiled region, the DNA
molecules ranging from ~150bp to 2 kbp exhibited the characteristics of
freely coiled polymers and their effective hydrodynamic radii RHD were
scaled to L0.5. Constant mobility region was composed of DNA molecules
longer than ~100 kbp which had the same hydrodynamic mobility and
could not be resolved. Between the free-coiled region and the constant
mobility region, there was a transition region consisted of DNAmolecules
from ~2 kbp to ~100 kbp. Since the transport mechanism of DNA was
complicated in this region, the relative mobility of DNA molecules could
not be well fitted with Eq. (5). Surprisingly, if a coefficient kL (where k is
a constant) was put into the right-side of Eq. (5), the modified equation
worked satisfactorily with good correlation. Furthermore, a 2.5 μm
radius capillary was used to observe the transport of DNA molecules. It
was found that the four region limits were closely related to the capillary
radius, and DNA fragments with different size range could be separated
by changing capillary radius.
3.2. Quantitation method

In addition to the size, the quantity is also a basic parameter to
characterize DNA molecules. Zhu et al. [49] utilized a narrow open
capillary chromatography based on HDC for sizing and quantitation of
DNA fragments at zmol to several-molecule level at high-throughput. A
flow-splitter-based microchip injector was developed to delivery DNA
samples with volumes from pL to fL. A restriction capillary (RC) selector
with six different RCs could be enabled to select an appropriate injection
volume for analysis as shown in Figure 5a. The narrow capillary column
Figure 4. Relationship between DNA relative mobility and its size. (Reprinted
with permission from ref. 46. Copyright (2012) American Chemical Society).
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(47 cm long, 2 μm i.d., and 200 μm o.d.), the connection capillary (6 cm
long, 100 μm i.d., and 375 μm o.d.) and the auxiliary capillary (AC) (15
cm long, 100 μm i.d., and 375 μm o.d.) were connected to a micro
fabricated T junction on a microchip (chip-T) at positions 1, 2, and 3,
respectively. The other end of the AC was connected to the RC selector.
The eluent was divided into two streams by the chip-T, one to a waste
reservoir and the other to the narrow capillary. The six restriction cap-
illaries (RC1-RC6) had different lengths and same i.d. to achieve an in-
jection volume from 430 fL to 5.7 pL. Relationship between DNA
concentration and fluorescence signal (peak area) for 15 DNA fragment
standards with different lengths was established for quantitating DNA as
shown in Figure 5b. Each linear regression produced excellent linear
coefficient (R2> 0.985). An imperfect feature of this method was that the
slope of the calibration curve varies slightly with DNA size. Fortunately,
DNA with similar size usually had similar slope. To quantitate a DNA
fragment with any size of, for example, b bp, the peak area of the DNA
fragment was measured firstly. Then, two calibration curves for two DNA
fragments with size of a and c bp where a and c were the closest to b, but
a<b < c, were located. If the calibration curves were Y ¼ maX and Y ¼
Figure 5. Simultaneously sizing and quantitating DNA fragments at high throughpu
injection. (b) Calibration curves for DNA with different sizes, the linear regression c
permission from ref. 49. Copyright (2014) Wiley-VCH).

Figure 6. Schematic diagram of BaNC-HDC. (Reprinted with permiss
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mcX (in which X and Y represented the DNA concentration and the
fluorescence signal, respectively) for the two DNA fragments, the sample
DNA could be quantified by Eq. (6).

Y ¼
�
b� a
c� a

mc þ c� b
c� a

ma

�
X (6)

4. Extension of HDC to DNA separation: experimental

4.1. Microcapillary HDC

A HDC approach for DNA fragment analysis using narrow bare open
capillary was first developed by Liu's group in 2008 [42], and termed as
Bare Narrow Capillary-Hydrodynamic Chromatography (BaNC-HDC)
[50]. The experimental setup was presented in Figure 6, and it consisted
of a pressure chamber, a bare narrow capillary, and a confocal
laser-induced fluorescence (LIF) detector. The sampling end of the
capillary was fixed by a septum and dipped into a solution vial inside a
pressure chamber. The solution in the vial was driven into the capillary
t in HDC. (a) Schematic illustration of the injection scheme for pL-to-fL sample
oefficients of the trend-lines were in the range of 0.985–0.991. (Reprinted with

ion from ref. 42. Copyright (2008) American Chemical Society).
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by helium gas which was introduced into the pressure chamber and
controlled by a pressure regulator. The polyimide coating at an appro-
priate location on the capillary was removed to form a detection window.
The detection window was affixed to a capillary holder that could adjust
the window position in three axes to align the window with the optical
system. For the LIF detector, a 488 nm beam from an argon ion laser was
reflected by a dichroic mirror and focused onto the capillary through an
objective lens. The fluorescence of the capillary passed through the
dichroic mirror, an interference band-pass filter, a focal lens, and a 1-mm
pinhole firstly, and then was collimated by the same objective lens and
collected by a photosensor module. The detector output was acquired by
a 12-bit D/A convertor and processed by an in-house program written in
LabView.

Wang et al. [51] separated DNA fragments with a wide size range in a
single run using BaNC-HDC. Capillaries with 1, 2.5 and 5 μm inner radii
(ri) were used, and the separation chromatograms were presented in
Figure 7. DNA fragments separation results by BaNC-HDC. Conditions: (I) 5 μm
ri and 15 m long (14.95 m effective length) at 350 psi, (II) 2.5 μm ri and 445 cm
long (440 cm effective length) at 360 psi, (III) 1 μm ri and 75 cm long (70 cm
effective length) at 75 psi. 10 mM Tris-1 mM EDTA (pH ¼ 8.0). (Reprinted with
permission from ref. 51. Copyright (2010) American Chemical Society).
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Figure 7. The 2.5 μm capillary resolved DNA fragments from 75 to 105,
968 bp well, while the 1 μm capillary was good for separating DNA
fragments<5 kbp, and the 5 μm capillary was suitable for separating DNA
fragments>20 kbp. Generally, large DNA fragments ranging from 10 kbp
to 10 Mbp were often separated by PFGE technique [15]. Liu et al. [52]
further evaluated the resolution for large DNA fragments with HDC using
a 5 μm capillary, PFGE method was also used for comparison. Baseline
separation was achieved for DNA fragments ranging from 1.5 kbp to 48.5
kbp with the resolutions less than 9.0 % and the number of theoretical
plates were >105 plates. DNA fragments with small size difference
(differed by 6.7 kbp) were well separated using HDC, while they could
not be separated by PFGE even after 24 h running on the agarose gel.
Sample containing both small and large DNA fragments (0.44 kbp, 7.679
kbp, 18.231 kbp and 119.041kbp) was well-resolved by HDC method,
while the DNA fragment of 0.44 kbp was missing in the PFGE profile.
Based on these experimental results, they concluded that HDC can be a
great alternative to PFGEwith improved resolution and separation speed.

Liu et al. [53] performed single-molecule analysis of DNA fragment
size using single-molecule free solution hydrodynamic separation
(SML-FSHS) system illustrated in Figure 8, which integrated a modified
confocal spectroscopy system, cylindrical illumination confocal spec-
troscopy (CICS). into microcapillary HDC. CICS included a cylindrical
lens to produce a one-dimensional (1-D) observation volume which can
increase mass detection efficiency and a rectangular confocal aperture to
minimize noise and maintain single molecule fluorescence burst unifor-
mity [54, 55]. 100%mass detection efficiency of single molecules within
the separation capillary was achieved and DNA fragments with wide size
range were successfully separated with only 5 pl of sample and 240 ymol
(~150 molecules) of DNA.

4.2. Nanocapillary HDC

Nanocapillary chromatography was initially used to resolve some low
charged anions and found to show the ability to resolve large DNA
fragments occasionally. Wang et al. [42] first realized the DNA fragment
separation using a 500-nm-radius capillary under pressure-driven con-
ditions in free solution. The larger DNA fragments were eluted out from
the capillary earlier than the smaller ones, which indicated that the
elution order of DNA fragments was closely related to their sizes. Four
fluorescent dye (FAM)-labeled deoxythymidine (dT) oligonucleotides
(dT5, dT10, dT15, and dT20, in which the subscripts denote the base
number in the oligonucleotides) were successfully baseline-separated.
And DNA fragments with size range from 500 bp to 10 kbp were sepa-
rated with higher resolution in 500-nm-radius capillary than in
800-nm-radius capillary, while the DNA fragments were not resolved in a
Figure 8. Schematic diagram of the SML-FSHS system. (a) a stainless steel in-
jection chamber, (b) pressure control ports, (c) separation capillary, and (d)
CICS analysis region. (Reprinted with permission from ref. 53. Copyright (2010)
American Chemical Society).



Figure 9. Influence of chromatographic
conditions on DNA separation under a 750-
nm-radius capillary. (a) Separation results of
a 1-kb plus DNA ladder at different temper-
atures. The separations were carried out in a
70 cm (66 cm effective) long capillary under
200 psi. The sample was injected at 200 psi
for 10 s. Peaks from left to right are: 20, 10,
7, 5, 4, 3, 2, 1.5, and 1kb and 700, 500, 400,
300, 200, and 75 bp. (Reprinted with
permission from ref. 56. Copyright (2012)
The Chemical Society of Japan) (b) Separa-
tion results of a mixture of 10 bp DNA frag-
ment, 25 bp DNA fragment and a 50 bp DNA
ladder. The separations were carried out in a
144 cm (135 cm effective) long capillary
under 1000 psi. The sample was injected at
120 psi for 20 s. Peaks from left to right are:
800, 750, 700, 650, 600, 550, 500, 450, 400,
350, 300, 250, 200, 150, 100, 50, 25, and 10
bp. (Reprinted with permission from ref. 57.
Copyright (2015) Springer Nature).

Figure 10. Schematic diagram of the modified
BaNC-HDC. (a) Experimental setup. (b)–(e) Sche-
matic diagram depicting the steps of a BaNC–HDC
separation: S-Sample, W-Waste, and C-Chip injector.
A six-port injection valve is shown on the left. The
solid dots represent that these ports are closed. Cap-
illaries connected to positions 1, 2, 3, and 4 on the
chip injector are separation capillary, sample capil-
lary, pump capillary, and waste capillary, respec-
tively. The arrows indicate the flow directions.
(Reprinted from Ref. [50] with permission from The
Royal Society of Chemistry).

Y. Wang et al. Heliyon 7 (2021) e07904
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Figure 11. Schematic diagram of EOP for BaNC-HDC. (Adapted with permis-
sion from ref. 60. Copyright (2011) American Chemical Society).

Y. Wang et al. Heliyon 7 (2021) e07904
3-μm-radius capillary. DNA fragments ranges from 75 bp to 20 kbp were
separated with excellent resolution using 500-nm-radius nanocapillary
chromatography, and efficiencies of more than 100,000 plates per meter
were obtained for many peaks [41].

Chromatographic conditions in DNA separation under a 750-nm-
radius capillary including temperature and elution conditions (eluent
concentration and elution pressure) have also been studied by Li et al
[56] and Liu et al [57], respectively. As the solution viscosity increased
with the decreasing temperature, the solution flowed slower at lower
8

temperature, resulting in an increased DNA retention time (see
Figure 9a). Increasing eluent concentration also increased retention time
(see Figure 9b) as the eluent viscosity increased with its concentration.
These increased retention times had induced additional diffusion band
broadening. This band broadening effect could be alleviated by
enhancing the elution pressure. The authors also noticed that peak shape
changed with DNA size and attributed this change to DNA configuration
variation; DNA configuration varied with counterion concentrations in
eluent.

4.3. HDC on chip-capillary hybrid device

In order to improve the throughput of DNA analysis, a microchip
injector was applied by Zhu et al. [50] The modified BaNC-HDC system
consisted of a HPLC pump, a flow splitter, a microchip injector, a bare
open narrow capillary and a LIF detector as shown in Figure 10a. A
six-port valve was utilized to perform the sample injection and carry out
the separation. The operation procedure was illustrated in Figure 10b-e.
When the two auxiliary capillaries at position 2 and 4 on the chip injector
were connected to sample (S) and waste (W), the six-port valve was open
(Figure 10b, d); while the six-port valve was closed when the two
auxiliary capillaries were connected to the blocked ports (Figure 10c, e).
DNA fragments ranging from 75 bp to 20 kbp were well resolved at ef-
ficiencies of more than a million plates per meter. Due to the small
diameter of the separation column, the on-column LIF detector for
BaNC-HDC is not commercially available. Weaver et al [58] describe the
details of the construction method of a confocal LIF detector as well as
how to adjust and use it for BaNC-HDC. The LIF detector was constructed
using a vertical support which was firmly attached to a baseplate. An
optical tube containing the objective lens, the dichroic mirror, filter and
reflector was bolted onto the vertical support together with a laser holder
and a photomultiplier holder. In addition, the X-Z translation stage bolted
onto the back of the optical tube was used to align the detection window
in the capillary with the objective lens. A solution of 1 μmol/L fluorescein
in 10 mmol/L TE buffer was injected to the capillary at a constant flow
rate. The alignment was achieved when the output signal of fluorescein
reached maximum.

The flow rates for BaNC-HDC by a HPLC pump were generally around
a few hundred pL/min, so, a flow splitter with high splitting ratios was
Figure 12. Separation results of Sac II digested Ara-
bidospois BAC DNA. (a) Agarose gel separation result.
(b) BaNC-HDC separation result. The BaNC-HDC
separation were carried out in a capillary with a
length of 500 cm and an inner diameter of 5 μmunder
350 psi. The eluent contained 10 mM TE. The sample
was injected at 80 psi for 8 s. Trace A shows the re-
sults from Sac II digested Arabidospois BAC DNA, and
trace B presents the results of 70 ng/μL Lamda Mix
Marker 19. (Reprinted with permission from ref. 52.
Copyright (2014) American Chemical Society).



Figure 13. Separation results of Pmel digested Rice
BAC DNA. (a) BaNC-HDC separation results. The
separation was performed in a capillary with a length
of 400 cm and an inner diameter of 5 μm at 40 �C
under 900 psi. The eluent contained 10 mM TE. The
sample was injected at 100 psi for 15 s. Trace A shows
the results of 60 ng/μL LamdaDNA Mono Cut Mix and
trace B presents the results from 50 ng/μL Pmel
digested Rice BAC DNA. (b) PFGE separation results.
(c) Separation results of 50 ng/μL Pmel digested Rice
BAC DNA. The separation was performed in a capil-
lary with a length of 250 cm long and an inner
diameter of 5 μm at 40 �C under 900 psi. The eluent
contained 10 mM TE. The sample was injected at 100
psi for 8 s. (Reprinted with permission from ref. 52.
Copyright (2014) American Chemical Society).
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needed to use. Zhu et al. [59] replaced the HPLC pump with a
high-pressure electroosmotic pump (EOP), which could generate flow
rates of several hundred pL/min or even lower. Three basic pump units
were stacked in series to increase the pressure output of EOP as shown in
Figure 11, each unit was composed of one þ EOP and one -EOP. 35
positively coated capillaries were used to constructþ EOP, while 35 bare
capillaries with negative charged were used to construct -EOP [60]. The
35 capillaries were glued by epoxy adhesive. With the microchip-injector
and EOP integrated into BaNC-HDC, the injection could be operated
conveniently, the injection volumes could be controlled precisely at
picoliter level, and DNA fragments with a wide size range could be
resolved at single-molecule level.

Chen et al. [61] integrated multiplex polymerase chain reaction
(PCR), on-line dye intercalation into BaNC-HDC for online DNA analysis.
The PCR products were labeled by online interaction with YOYO-1 and
then separated by BaNC-HDC. To online intercalate with YOYO-1,
YOYO-1 was used to flush the bare narrow capillary and adsorb onto
the capillary wall firstly, and then DNA molecules were injected to the
capillary, meanwhile they would react with the YOYO-1 stored on the
capillary wall and online intercalate with the dye. There was no need to
9

recharge YOYO-1 at each separation, and the column can be used for
more than 40 runs after the BaNC-HDC column was charged once.

5. Applications

5.1. Real-world sample analysis

To demonstrate the feasibility of this technique in biological appli-
cation, some real-world samples were also investigated in a few papers.

Liu et al. [52] separated Sac II digested Arabidospois BAC DNA and
Pmel digested Rice BAC DNA by BaNC-HDC. DNA fragments of 53.5,
46.8, and 12.1 kbp sizes were expected to be produced by the Sac II
digested Arabidospois BAC DNA sample. All the expected DNA fragments
were clearly separated using BaNC-HDC, while the two large DNA frag-
ments of 53.5 kbp and 46.8 kbp were still not resolved on the agarose gel
for running 24 h, shown in Figure 12. Digestion of Rice BAC DNA with
restriction enzyme PmeI was expected to generate DNA fragments
ranging from 0.44 kbp to 119.041 kbp. All the DNA fragments were
baseline-separated by BaNC-HDC in less than 50 min, and the separation
time could be decreased to less than 26 min by reducing the capillary



Figure 14. Sizing results of plasmid DNA. (A) BaNC-HDC separation result. The effective length of separation capillary was 65 cm. 5 mm NH4Ac/NH4OH (pH 8.0) was
used as the eluent. 2.4 pL of sample was injected and the elution pressure was 13.8 MPa. (B) Agarose gel electrophoresis result for the samples. Lane1, 2 and 3
corresponded to Trace a, b, c, respectively. (Reprinted with permission from ref. 59. Copyright (2013) Wiley-VCH).

Figure 15. Separation results of Arabidopsis SSLP no. 38 PCR product. (a) Slab-gel separation result. (b) BaNC-HDC separation result. For BaNC-HDC separation: the
separation capillary had a total length of 46 cm (42 cm effective). The eluent was 10 mM TE. The sample was injected at 100 psi for 5 s and the chamber pressure was
90 psi. Trace I, trace II, trace III and trace IV exhibit the results from a heterozygote sample, a homozygote of Col-0, a homozygote of Ler-0, and the GeneRuler 1-kb
DNA ladder Plus, respectively. (Reprinted with permission from ref. 42. Copyright (2008) American Chemical Society).
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Figure 16. Separation results of Arabidopsis SSLP no. 47 PCR product. (a) Slab-gel separation result. (b) BaNC-HDC separation result. For BaNC-HDC separation: the
separation capillary had a total length of 55 cm (51 cm effective). The sample was injected under 50 psi for 5 s and the chamber pressure was 110 psi. All other
conditions were the same as described in Figure 14. (Reprinted with permission from ref. 42. Copyright (2008) American Chemical Society).

Y. Wang et al. Heliyon 7 (2021) e07904
length as shown in Figure 13. However, as PFGE was difficult to realize
the separation of both large and small DNA fragments in a single run, the
smallest DNA fragment of 0.44 kbp was missing in the PFGE profile.

Zhu et al. [59] applied this approach to size plasmid DNA from
E-coli and resolutions comparable to agarose gel electrophoresis were
obtained. A linear DNA produced after the circular plasmid was
digested by restriction enzyme XbaI. Figure 14A shows the sizing re-
sults of plasmid DNA with BaNC-HDC. Using the relationship between
the relative BaNC-HDC mobility and DNA fragment size based on the
HDC quadratic model, the linear plasmid DNA fragment with a theo-
retical size value of 4.46 kbp was estimated to be 4.5 kbp. Because of
the conformation of open circular and supercoiled DNA, multiple
peaks were observed in the sample of plasmid DNA before digestion.
Agarose gel electrophoresis was also used to analyze the same three
samples, and comparable results were obtained. However, the sepa-
ration time was shorted in BaNC-HDC and the sample required was
less than that in agarose gel electrophoresis.

Zhu et al. [49] validated the feasibility of the method for DNA frag-
ment quantitation in real-world sample. They used the calibration curves
in Figure 5b to calculate the concentration and compute the number of
molecules of the DNA fragments in digested λ-DNA sample with relative
quantitation errors of around or less than 10%.
5.2. Genotyping analysis

This technique was also used to resolve real-world genotyping sam-
ples to demonstrate its practical applicability. Wang et al. [42] used
nanocapillary HDC to analyze the Arabidopsis plant simple sequence
length polymorphism (SSLP) sample. PCR-amplified DNA fragments
without any further purifications were injected into the nanocapillary
directly. Figure 15b presents the results of two genotyping analyses by
BaNC-HDC. SSLP samples (no. 38) from heterozygote Col-0 and Ler-0
plants contained both a 195-bp fragment and a 150-bp fragment, while
samples from homozygote Col-0 and samples from homozygote Ler-0
produced a 195 bp fragment and a 150-bp fragment, respectively.
Figure 15a shows the results obtained by the slab-gel separation. Samples
from heterozygous and homozygous individuals were both unambiguous
11
identified using these two approaches. Furthermore, another SSLP sam-
ples (no. 47) in which the fragment difference was smaller than SSLP
samples (no. 38) were also resolved with a slight increase in the capillary
length and the elution pressure, and the results were displayed in
Figure 16.
5.3. DNA conformation changes and DNA-biomolecule interaction
analysis

Besides the analysis of length and quantification of DNA fragments,
analysis of DNA conformation or conformational changes and in-
teractions with other biomolecules are also the important research field
for DNA analysis.

Friedrich et al. [62] utilized SML-FSHS to analyze the shape changes
of DNA molecules in free solution. The average size of molecules was
determined by HDC based on the peak retention time, and the molecules
were observed under single molecule spectroscopy. So, the DNA con-
formations and distributions were determined by examining the size and
the shape of each individual molecule. The conformation of stained
double-strand DNA fragments was related to the shape of single molecule
fluorescent bursts and the relative hydrodynamic mobility of the frag-
ment. The authors [63] then applied the SML-FSHS platform to evaluate
DNA-biomolecules interactions. Bound DNA-biomolecule complexes and
unbound DNA molecule were separated by HDC and the size change
resulted from binding was determined simultaneously. Quantitation of
the DNA in the bound and unbound state which could characterize the
binding behavior was performed using single molecule detection.

6. Conclusions

In conclusion, HDC is a powerful tool for DNA fragment sizing and
quantitation in free solution. The method has the excellent feature
that can separate both small and large DNA molecules at the same
time compared to conventional gel electrophoresis and PFGE. The
analysis uses only pL of sample, and its limit of detection has reached
to the single-molecule level. With the incorporation of a micro-chip
injector and EOP with BaNC-HDC, DNA fragments can be analyzed
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with high speed, high resolution and high throughput. However, the
technique currently still has several limitations. Due to the small
diameter of the capillary column and pL-per-min flow rate, it is
challenging to incorporate a mass spectrometer (MS) or a UV/Vis
absorbance detector which will be helpful for fragment sequence
analysis. Up to date, only LIF was used for HDC DNA analysis, and this
will constrain the technique's application. The pL injection volume can
also play adversely toward the spread of this method, because
research often need to analyze samples with adequate volumes so that
they can be representative to their original specimen. In other times,
researchers may want to further analyze specific fragments after HDC
separation. At the time being, it is difficult to collect the resolved
fragments for these applications because of the low-micrometer- to
nanometer-radius capillary column, pL-per-min flow rate and pL in-
jection volume. Attentions are needed to filtrate the samples and el-
uents to prevent capillary clogging. With the technology advancement,
we are confident that HDC will be incorporated with MS for DNA
analysis. We also expect that HDC will be integrated on lab-on-a-chip
devices for high-speed and high-throughput DNA analysis, and the
platform can be an excellent tool for point-of-care analysis and
patient-bedside clinical diagnose.
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