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Research Article

Decreasing effective nanofluidic filter size by
modulating electrical double layers:
Separation enhancement in microfabricated
nanofluidic filters
Conventional methods for separating biomolecules are based on steric interactions
between the biomolecules and randomly oriented gel fibers. The recently developed
artificial molecular sieves also rely on steric interactions for separation. In this work, we
present an experimental investigation of a method that can be used in these sieves to
increase separation selectivity and resolution. This method exploits the electrostatic
repulsion between the charged molecules and the charged nanofluidic structure.
Although this method has been mentioned in the previous work, it has not been
examined in detail. We characterize this method by comparing the selectivity with that
achieved in devices with different dimensions. The results of this study are relevant to the
optimization of chip-based gel-free biomolecule separation and analysis.
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1 Introduction
The ability to quickly and efficiently separate biologically
relevant molecules is necessary for diagnostic, screening,
and research purposes. Recently, Fu et al. have introduced a
gel-free nanofluidic filter (nanofilter) array that is able to
rapidly separate short dsDNA and proteins [1]. Under
moderate electric field strength E, the separation mechanism involves repeated partitioning between a relatively
unconstrained deep region and a constricted shallow region
[2]. Because smaller molecules partition into the shallow
region more frequently than larger ones, their migration
velocity V and therefore electrophoretic mobility m (m 5 V/E)
are of greater values. Compared with conventional methods
of separating DNA and proteins, such as gel electrophoresis
and HPLC, the nanofilter array offers benefits of speed,
lower reagent consumption, ease of target molecule collection, and reusability.
Although the gel-free separation of DNA and proteins
using microfabricated nanofilters has been demonstrated
[1], the separation resolution of this approach is limited in
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part by how narrow the constricted shallow regions can be
made [3]. The available theoretical model has demonstrated
that size selectivity is inversely proportional to the nanofilter
shallow region depth [2]. Fabrication and experimental
limitations include the collapse of the structure during
anodic bonding and the inability to fill the device with buffer
solution, especially when the nanofilter gap size is made to
be smaller than about 10 nm. These factors have prevented
further improvement of size selectivity and separation
resolution by simply decreasing the nanofilter gap size.
We show that one can effectively increase the separation
selectivity of the nanofilters by exploiting the strong electrostatic repulsion between the charged nanofilter walls and
charged biomolecules. By decreasing the buffer ionic
strength, the electrostatic repulsion between the negatively
charged nanofilter walls and the negatively charged DNA
starts to affect the partitioning of the molecules between the
deep and shallow regions. Although the depth of the shallow
region is physically the same, the electrostatic repulsion
effectively reduces the shallow region depth for negatively
charged molecules, therefore enhancing the size selectivity
and separation resolution. Early studies using semipermeable membranes and polymeric gels have clearly demonstrated the effects of ionic strength on hindered diffusive
and convective solute transport [4–6]. However, these
previous studies of ionic strength effects were performed
using either membranes that were radioactive track-etched
[4] or polymeric gels [5]. The track-etched membranes
provide many randomly distributed pores arranged in
parallel, in contrast to our system, which provides pores in
www.electrophoresis-journal.com
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series. For gels, it is difficult to precisely determine the
distance between the gel fibers, which is necessary to
determine the partition coefficient. More importantly,
different ionic strengths can affect the structure of the gel
itself [7]. In contrast to previous studies using gels and
membranes, we believe that our precisely microfabricated
nanofilter system provides a well-characterized environment to
study electrostatic interactions between the solutes and the
rigid walls of the device, which will potentially aid in improving the design and operation of future nanofilter devices.
The electrostatic sieving effect of native proteins through a
two-dimensional nanofilter array was briefly studied in Fu et al.
[8]. In that study, differently charged proteins of similar size
were used. Although that study introduced the idea of electrostatic effects on charge selectivity in a two-dimensional
array, no attempt to theoretically model that effect or to provide
any quantification of the experimental results was provided.
The inability to model or quantify the experimental observations may be attributed to several reasons. Due to the proteins’
difference in charge/hydrodynamic drag ratio, they should
exhibit different electrophoretic mobilities. According to Fu
et al. the energy barrier for these proteins to enter the
constrained region is different, even in high ionic strength
conditions [2]. Additionally, proteins are inherently difficult
molecules to study due to their non-uniform charge density
and irregular shapes. Lastly, molecular movement in a twodimensional filter array is inherently more difficult to characterize due to two simultaneous forces acting parallel and
perpendicular to the nanofilter constriction.
In contrast to that study, in this work we present a more
rigorous study of the electrostatic sieving effect using short,
linear DNA molecules in a one-dimensional nanofilter
device. Short DNA fragments have a well-characterized
conformation (rod-like, with a persistence length of around
50 nm (150 bp)), constant charge-to-mass ratio, and size-
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independent free-solution electrophoretic mobility [9]. These
characteristics of DNA make it an ideal model molecule to
study the electrostatic sieving effect across the nanofilter. In
addition to the experiments involving different ionic strengths,
we provide control experiments using devices with different
deep and shallow regions created by the fabrication process
and devices with only a flat, filter-less nanochannel. We also
provide a theoretical quantification of the experimental observations using the DNA effective diameter [10], surface potential, and Debye screening length.

2 Materials and methods
Figure 1A and B are the top and the side view schematic of
the device, respectively. Details regarding device fabrication
have been described previously [11]. A Hamamatsu Model
C4742-80-12AG CCD camera (Hamamatsu Photonics,
Japan), connected to an inverted epi-fluorescent Olympus
IX71 (Olympus, Center Valley, PA, USA) microscope, was
used for imaging. A 488 nm argon-ion laser provided
illumination. Voltage was provided by a Labsmith HVS448
3000D (Labsmith, Livermore, CA, USA) voltage source
connected to platinum electrodes. dsDNA ladder samples
were purchased from New England BioLabs (Beverly, MA,
USA). They were labeled with the intercalating fluorescent
dye YOYO-1 (Molecular Probes, Eugene, OR, USA) in TBE
5  , 1  , or 0.25  buffer. TBE 5  consists of 0.445 M
Tris–borate and 10 mM EDTA at pH 8.3. The other TBE
concentrations were created by diluting TBE 5  with DI
water. The dye to DNA bp ratio was about 1:10 and the final
DNA concentration was about 12.8 mg/mL. TBE 5  , 1  , or
0.25  buffer, respectively, was also used as the electrophoresis buffer inside the nanofilter arrays. Electroosmotic
flow at 100 V/cm was performed overnight with the new

Figure 1. Schematic of the nanofilter array.
(A) Device layout. (B) Schematic crosssection through A–A0 . An electric field in
the nanofilter region causes shorter DNA
molecules to travel faster.
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buffer in the event of a buffer change. The reservoirs were
covered by paraffin wax, which made buffer evaporation
negligible. Peak fitting was done using Origin 7 software
(OriginLab, Northampton, MA, USA).

DNA free-solution mobility. The DNA mobility m has been
theoretically calculated based on the equilibrium partitioning theory and the Kramers rate theory [2] and, to a firstorder approximation, the relative mobility m of a DNA
molecule is approximately equal to its partition coefficient in
the shallow region as m ﬃ Ks .

3 Results and discussion
3.1 Theory

3.2 Influence of physical dimensions on selectivity

The following is a concise summary of the relevant ideas
presented in [2]. The theory presented here has been
simplified to eliminate details that do not affect the present
study. The free-energy barrier at the abrupt interface
between the nanofilter deep and shallow regions originates
from the limited configurational freedom inside the shallow
region (i.e. configurational entropy loss) caused by the steric
constraints imposed by the nanofilter walls. Therefore, entry
into the restricted nanofilter shallow region can only be
realized if the DNA molecules are properly positioned and
oriented without overlapping the nanofilter wall. The
configurational entropic barrier can be calculated based on
DNA partitioning between the deep and the shallow regions
as TDS0kBT ln Os/Od (T is the absolute temperature, S0
the configurational entropy, kB Boltzmann’s constant, and
Os/Od the ratio of permissible configuration state integrals
between shallow and deep regions) [2]. By definition, Os/Od
equals K (K 5 Ks/Kd), the ratio of the partition coefficients in
the shallow (Ks) and the deep regions (Kd).
We can calculate the DNA partition coefficient Ki in the
shallow (i 5 s) and the deep regions (i 5 d) by treating short
DNA as thin rod-like molecules with end-to-end length L: the
contour lengths of 50–500 bp DNA (approximately 17–170 nm)
are comparable to the DNA persistence length (lp 5 50 nm).
From the Kratky–Porod model (worm-like chain model), the
end-to-end distance L of the DNA molecules is
 


1=2
lp
l
1  exp 
ð1Þ
L ¼ hR2 i1=2 ¼ 2llp 1 
l
lp

In Fig. 2A, we compared the relative mobility m of the
100 bp DNA ladder in two nanofilter arrays with different
shallow region depths ds, but with the ratio of shallow and
deep region depths ds/dd preserved. For a given electric field
Eav, the nanofilter arrays with the same ds/dd value have the
same electric field distributions across the shallow and deep
regions; therefore, the maximum sieving-free mobility mmax
should be of the same value. The only difference between
the two nanofilter devices was the partition coefficient K
between the nanofilter shallow and deep regions. The
entropic barrier height at the nanofilter constriction rises
with decreasing nanofilter shallow region depth ds. In
addition, decreasing ds results in Ks and K being more
dependent on the DNA bp number N (dKs/dN1/ds).
Therefore, the nanofilter array should exhibit greater size
selectivity with shallower nanofilter shallow region ds.
Intuitively, changing the nanofilter shallow region depth
alters the number of allowable configuration states inside
the nanofilter shallow region. Decreasing ds lowers the
number of allowable configuration states more for longer
DNA molecules than shorter ones, resulting in increased
selectivity. In our experiments, the separation selectivity
increased when we decreased ds from 80 to 60 nm, Fig. 2A.
Decreasing ds further to 40 nm resulted in difficulty in
getting DNA to enter the nanofilter sieving region and
fluorescence intensities at the detection region too faint to
measure.
Increasing deep region depth dd did not result in an
appreciable change in the nanofilter size selectivity,
although similar separations of the same DNA sample took
longer to finish, Fig. 2B. The respective elution times for a
ds 5 60 nm, dd 5 480 nm nanofilter array were 1.8 times
greater than those for a ds 5 60 nm, dd 5 240 nm nanofilter
array under all electric field conditions, which is consistent
with the fact that the maximum sieving-free mobility mmax
for the nanofilter array (ds 5 60 nm, dd 5 240 nm) is about
1.63 times greater than that for the nanofilter array
(ds 5 60 nm, dd 5 480 nm). In the limit of large dd, KdE1
and KEKs, which results in the best selectivity for a given ds.
However, increasing dd from 240 to 480 nm for the
ds 5 60 nm device did not improve selectivity appreciably,
because KdE1 already for the short DNA molecules in the
experiments. More specifically, using Eq. (2) Kd differs by
1.7% at 50 bp and 9% at 300 bp for dd 5 240 and 480 nm for
a fixed ds 5 60 nm. These differences in Kd result in minor
selectivity differences, which is consistent with our experimental observations, Fig. 2B.

Based on geometrical and statistical arguments, the
partition coefficients Ki (i 5 s, d) of rod-like DNA in the dilute
solution limit for both the shallow and deep regions are
approximately [12]
Ki ¼ 1  12bi ðbi 1Þ
Ki ¼

1
ð1bi Þ
2bi

ð2Þ

where bi 5 L/di (scaled molecular length).
The relative mobility m of DNA through the nanofilter
array can be written as
m
ð3Þ
m ¼
mmax
where m is the DNA mobility in the nanofilter array and mmax
is the maximum sieving-free mobility. All the nanofilters
tested in the paper consist of equal deep and shallow region
lengths; therefore, mmax 5 4dsddm0/(ds1dd)2, where m0 is the
& 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Relative mobility. (A) DNA relative mobility versus size
for two different ds’s, while the ratio of ds to dd was fixed. The
dimensions of one device were ds 5 60 nm, dd 5 240 nm. Those
of the other device were ds 5 80 nm, dd 5 320 nm. (B) DNA
relative mobility versus size in devices differing only in dd, where
ds 5 60 nm. The standard deviations of the mobility are all less
than 6%, with most ranging from 2 to 4%, and are hence not
included in the figure.

3.3 Influence of buffer ionic strength on selectivity
Decreasing the buffer ionic strength resulted in markedly
increased selectivity using the nanofilter arrays, Fig. 3A and
b. Experiments in a ds 5 85 nm nanofilter device run with
TBE 0.25  , Fig. 3B, resulted in similar selectivity as those
in a ds 5 60 nm nanofilter device run with TBE 5  , Fig. 2A.
Lowering buffer ionic strength accentuates the electrostatic
repulsion between the negatively charged walls of the device
and the negatively charged DNA. This increased electrostatic
repulsion effectively decreases ds, leading to better selectivity
in a similar way as physically decreasing ds, Fig. 3C. The
electrostatic repulsion in the deep region is relatively
unimportant, as even physically changing dd does not
markedly change selectivity, Fig. 2B.
& 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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To approximate the decrease in ds due to electrostatic
repulsion, we examine the DNA effective diameter and the
the distance from the wall at which the electric potential
reaches thermal voltage, 26 mV. When we decrease the
buffer ionic strength, two effects occur: the charge density
on the DNA increases and the Debye length increases.
Stigter et al. quantified these effects and derived a quantity
known as the ‘‘effective diameter’’[10], which can be used to
approximate the distance DNA can approach another
negatively charged object. Based on X-ray crystallography,
the physical diameter of DNA is around 2 nm [13]. Using
Stigter’s model, changing from TBE 5  to TBE 0.25 
increases the DNA effective diameter from approximately
5.3 to 19 nm [10]. We do not take into account the differences in the persistence length of DNA in different ionic
strengths, as it is shown not to change significantly under
these conditions [14]. We ignore DNA length extension in
nanochannels due to self-avoidance, as the DNA sizes
explored here are rod-like unlike those examined by Reisner
et al. [15].
Using wall z potentials measured by Pennathur and
Santiago for the nanofilter oxide walls [16], the distance until
26 mV from the nanofilter wall is 0.5 nm for TBE 5  and
5.0 nm for TBE 0.25  . When we model the DNA as a pill
shape, the repulsion from the walls decreases ds by (195.3)
12(50.5)E20 nm. Then, the effective shallow region
depth of the ds 5 85 nm device is decreased to
ds;effective  85  20 nm ¼ 65 nm. To summarize, decreasing
the buffer ionic strength increased the extent of the electrostatic repulsion between the DNA molecules and the
nanofilter walls. This repulsion effectively decreased the size
of the nanofilter shallow region, resulting in increased
selectivity.
As mentioned in Section 3.1, the relative mobility m of
DNA through the nanofilter array can be approximated
to first order by the partition coefficient in the shallow
region, Ks. Then selectivity is primarily determined
by the shallow region depth. In our experiments the selectivity of the ds 5 85 nm nanofilter device run with TBE
0.25  (ds;effective  65 nm) is comparable to that of a
ds 5 60 nm nanofilter device run with TBE 5  : for each, the
relative mobility m reaches approximately 0.1 for 400 bp
DNA.
The selectivity increase resulting from the decrease in
buffer ionic strength caused the resolution to improve
significantly. We define the separation resolution as the
difference in elution time of two populations divided by half
of the sum of the two peaks’ widths. The separation resolutions for 400 and 500 bp DNA were 2.0 for TBE 5  , 3.4
for TBE 1  , and 4.2 for TBE 0.25  . For the TBE 5 
buffer, 100 and 200 bp DNA could not be resolved. Lowering
the buffer ionic strength resulted in baseline resolution
between these two peaks, Fig. 3A.
We note that decreasing the ionic strength to TBE 0.1 
and below resulted in difficulties getting the DNA to enter
the nanofilter regions with depth ds for the ds 5 85 nm
device. This effect may be a result of charge-selectivity
www.electrophoresis-journal.com
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effects exhibited by nanochannels at low ionic strengths [17].
Additionally, we note that electroosmotic flow was greater in
magnitude than electrophoresis for ionic strengths less than
TBE 1.7  ; therefore, in these experiments DNA moved
toward the cathode [18].
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3.4 Selectivity in flat nanochannels
We performed control experiments in flat, filter-less
nanofluidic devices to confirm that the selectivity increases
in the nanofilter devices at lower buffer ionic strength are
due to the presence of the nanofilters and not simply the
presence of a nanochannel. These flat, filter-less devices
have a constant channel depth of ds 5 dd 5 80 nm. Our
electrophoresis experiments showed no appreciable separation under similar buffer ionic strength conditions for DNA
in a comparable size range, Fig. 4. Even when buffer ionic
strength was decreased to TBE 1  , no baseline separation
could be observed. An insufficient amount of DNA entered
the separation channel at TBE 0.25  , resulting in
fluorescence intensity too weak to detect at the observation
point; therefore, results were not obtained. This effect may
be similar to that experienced with a 40 nm shallow region
nanofilter array, where the energy barrier to enter the
shallow region was too high for a sufficient number of
molecules to enter. These results confirm that the presence
of alternating deep and shallow regions is necessary to
achieve the enhanced selectivity obtained at lower buffer
ionic strength.
Although other groups have demonstrated DNA
separation in flat nanochannels, their DNA size ranges were
different from ours. Pennathur et al. have demonstrated
separation of DNA in the size range of 10–100 bp in flat
nanochannels caused by inherent mobility differences and a
process similar to hydrodynamic chromatography [19].
Specifically, smaller DNA in this size range exhibit somewhat smaller free-solution electrophoretic mobility than
larger DNA in this size range, while this effect is much less
apparent in the size range of 100–1000 bp DNA [9]. Also,
10–100 bp DNA have end-to-end lengths of 3–31 nm, while
100–1000 bp DNA have end-to-end lengths of 31–170 nm,
using Eq. (1) and a rise/bp of 0.34 nm. With a nanochannel
height of around 50 nm, the DNA of different sizes in the
range 10–100 bp may indeed occupy different streamlines,
resulting in separation. On the other hand, DNA of different
sizes in the range 100–1000 bp are relatively larger and most
likely occupy all streamlines equally.
Craighead and coworkers showed mobility differences
during electrophoresis for 2–10 kbp DNA in a flat nanochannel purportedly caused by friction with the walls [20], which
depends on the surface area of the molecules in contact with
the walls. Configurations of 2–10 kbp DNA resemble a wormlike chain, as opposed to that of 100–1000 bp DNA, which
3 Figure 3. Effect of buffer ionic strength on separation selectivity.
The dimensions of the device were ds 5 85 nm, dd 5 320 nm,
p 5 1 mm. (A) Electropherograms measured at 1 cm. Different
concentrations of TBE were created by diluting TBE 5  . (B)
Relative mobility versus size for different buffer ionic strengths.
The standard deviations of the mobility are all less than 9%,
with most ranging from 5 to 7%, and are hence not included in
the figure. (C) Decreasing the buffer ionic strength increases the
distance over which electrostatic repulsion is felt between the
negatively charged DNA and negatively charged walls.
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