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ABSTRACT: Continuous-ﬂow electrophoresis of macromolecules is demonstrated using an integrated capillary-well sieve
arranged into a two-dimensional anisotropic array on silicon.
The periodic array features thousands of entropic barriers,
each resulting from an abrupt interface between a 2 μm deep
well (channel) and a 70 nm capillary. These entropic barriers
owing to two-dimensional conﬁnement within the capillaries
are vastly steep in relation to those arising from slits featuring
one-dimensional conﬁnement. Thus, the sieving mechanisms
can sustain relatively large electric ﬁeld strengths over a
relatively small array area. The sieve rapidly sorts anionic
macromolecules, including DNA chains and proteins in native
or denatured states, into distinct trajectories according to size
or charge under electric ﬁeld vectors orthogonally applied. The baseline separation is achieved in less than 1 min within a
horizontal migration length of ∼1.5 mm. The capillaries are self-enclosed conduits in cylindrical proﬁle featuring a uniform
diameter and realized through an approach that avoids advanced patterning techniques. The approach exploits a thermal reﬂow
of a layer of doped glass for shape transformation into cylindrical capillaries and for controllably shrinking the capillary diameter.
Lastly, atomic layer deposition of alumina is introduced for the ﬁrst time to ﬁne-tune the capillary diameter as well as to
neutralize the surface charge, thereby suppressing undesired electroosmotic ﬂows.

M

microsystems because of their compatible fabrication. Techniques like optical or electron-beam lithography and dry/wet etch
are applied on the substrates like silicon or quartz/glass to
pattern sieving structures either directly or indirectly through
their negative relief template for the subsequent replica
molding.11 In many of the sieves, bonding a cover plate is a
crucial step to enclose channels and form pores at the interface.
However, sieves also exist where the pore formation is
independent of the bonding step and realized through
alternative means such as the removal of a sacriﬁcial ﬁlm
between layers12 or the deposition of a structural layer yielding
self-enclosed channels.13
A host of structures, including post arrays,7 asymmetrically
placed obstacles,14 nanowires,15 self-assembled colloidal
arrays,16 and arrays of alternating slits and wells, the so-called
slit-well (SW) motif,8 have been reported for sieving macromolecules using the principle of diﬀusion,17 asymmetric
bifurcation of laminar ﬂow,18 and entropic trapping.19 These
sieves have been mostly shown to analyze small fractions of
mixtures (batch operation) containing large DNA molecules
under a constant electric ﬁeld. Alternating the ﬁeld in diﬀerent

ethods that can eﬀectively separate and purify biological
macromolecules including nucleic acids and proteins
an important class of biomarkers for the diagnosis of critical
diseasesfrom a complex mixture not only accelerate
discovery but also could yield powerful diagnostic tools.1,2
Traditional methods typically involve electrophoresis, which
acts on the innate electric charge of species and works based on
their diﬀerential size-dependent electromigration.3 Electrophoresis has brought signiﬁcant advances despite the limitations
often associated with the sieving medium that is required to
render the method viable. Gelatinous materials (gels) oﬀer a
cross-linked network of pores and are conveniently utilized as
the sieving medium. Yet, for sieving relatively large macromolecules (e.g., genomic DNA), gels turn out to be
ineﬀective.4,5 Moreover, the random nature of pores in gels
increases the complexity of sieving interactions with the
migrating macromolecules, and probably, a limited subset of
those interactions favors eﬀective separation.6 More importantly, such viscous polymeric materials present diﬃculties for
the integration of bioanalytical microsystems.
Artiﬁcial sieves refer to micro/nanostructures that present a
regular pattern of pores and have been investigated in recent
decades for the electrophoresis of macromolecules at an
enhanced performance.7−10 These structures are shown to
outperform gels in separation speed as well as resolution.
Further, they are amenable to integration into bioanalytical
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(Figure 1b). The capillary integration primarily involves (1)
patterning trenches within a thick dielectric layer through
contact photolithography, (2) depositing a doped glass layer
and forming self-enclosed trenches through the shadowing
eﬀect of the trench edges, and (3) subsequent thermal
annealing (reﬂow) and shape transformation into cylindrical
capillaries.27,28 More importantly, thermal reﬂow is applied for
an extended period of time to uniformly shrink the capillary
diameter into scales that are accessible typically via advanced
patterning tools. Distinct from the process of the 1D CW array,
thermal reﬂow is followed by the atomic layer deposition
(ALD) of alumina as the ﬁnal step for those sieves where the
fractionation is through steric interactions. Alumina coating
helps quench the surface charge at the operating pH and thus
minimize the electroosmotic ﬂows. The continuous-ﬂow
fractionation of proteins and DNA in the CW sieve, in relation
to the SW design, is realized through a low-resolution array at a
reduced pitch length (coarse patterning) and under a high
separation voltage (faster operation), all of which can be
attributed to vastly steep entropic energy barriers, which are
enforced by larger entropy loss inside the capillaries due to 2D
conﬁnement (steric exclusion).

directions has facilitated fractionation through a hexagonal post
array,20 which has later been adopted for a continuous-ﬂow
operation.21 Continuous-ﬂow fractionation has also been
demonstrated with an entropic trap array based on the SW
motif.22 In this sieve, the critical pore (slit) dimension can be
made comparable to molecular dimensions for the size-based
fractionation of small macromolecules such as proteins as well
as large DNA molecules.
We have recently demonstrated an entropic trap array where
traps arise from two-dimensional (2D) conﬁnement inside
capillaries as opposed to one-dimensional (1D) conﬁnement in
slits.23,24 Macromolecules thus have to overcome relatively
steep entropic barriers to migrate through this topography, the
capillary-well (CW) motif. This causes a dramatic increase in
threshold voltage for the band launching as well as in the
voltage range before the sieving mechanism breaks down.
Under such high voltage levels, distinct mixtures of proteins
and DNA are rapidly resolved into sharp peaks. However, the
sieve works only in batch operation, which limits the amount of
sample that can be analyzed at a time.
Here, we further extend this structure into a 2D array and
demonstrate a continuous-ﬂow fractionation of macromolecules. Figure 1a illustrates a small segment of the array featuring

■

EXPERIMENTAL SECTION
Fabrication. The sieves were realized in a unique process
described in ref 24 and illustrated in Figure S-1. The process
began with standard 4 in. silicon wafers thermally oxidized to
grow a 1 μm thick oxide layer and then sent to low-pressure
chemical vapor deposition (LPCVD) to receive a 6 μm thick
layer of low-temperature oxide (LTO). Standard UV
lithography and advanced oxide etching (AOE) were applied,
deﬁning trenches 2 μm wide and deep into the LTO layer,
followed by the deposition of a 100 nm thick low-stress nitride
(LSN) layer as a diﬀusion barrier. LPCVD was applied to place
a 5.5 μm thick layer of phosphorus-doped glass (phosphosilicate glass, PSG) allowing trenches to enclose due to the
shadowing eﬀect by the trench edges, forming self-enclosed
conduits in triangular proﬁle. For shape transformation into
cylindrical capillaries, thermal reﬂow was performed by
annealing the wafers at 1000 °C for 60 min. This was followed
by chemical mechanical polishing (CMP) to ensure a planar
surface while reducing the PSG layer thickness down to 2 μm.
The steps of standard UV lithography and AOE were repeated
to create the reservoirs for the sample and buﬀer as well as
ﬂuidic channels 2 μm wide and deep into the PSG and the
underneath LTO layers. Suﬃciently thick LTO layer was left
behind to sustain a high-voltage separation. Rapid thermal
annealing (RTA) was applied repeatedly to controllably shrink
the capillary diameter down to either 70 nm for those sieves to
fractionate through electrostatic interactions or 300 nm for
those to fractionate through steric interactions. For the latter,
the diameter was further scaled to 70 nm by the ALD of
alumina. The sieves were bonded with a poly(dimethylsiloxane)
(PDMS) cover featuring inlet/outlet ports through an oxygen
plasma surface activation (29.6 W Harrick Plasma, 65 s).
Reagents. Double-stranded DNA (dsDNA) fragments of
various sizes, including fragments with chain lengths in kbp of
5, 10, 20, and 48.5 (from bacteriophage λ cI857 Sam7, λ-DNA),
along with the protein cholera toxin subunit B (11.4 kDa)
conjugated with Alexa Fluor 488 and YOYO-1 intercalating
dye, were all purchased from Thermo Fisher Scientiﬁc
(Waltham, MA). The bacteriophage T4 GT7 DNA (166
kbp) was obtained from Nippon Gene (Tokyo, Japan). Green

Figure 1. (a) Three-dimensional rendering of an integrated sieve
segment with anionic macromolecules being sieved under the
inﬂuence of orthogonal electric ﬁelds Ex and Ey being concurrently
applied. (b) Illustrations of a single capillary cross section describing
major steps of the integration process.

parallel deep channels (wells) aligned orthogonally to selfenclosed capillaries of a cylindrical proﬁle. Anionic macromolecules being injected into the array through one of the deep
channels drift under an average electric ﬁeld strength applied
along the channels, Ey. Concomitantly, drifting macromolecules
are selectively driven to jump across the capillaries under an
average electric ﬁeld strength applied along the x-axis direction,
Ex. Selectivity depends on the jump dynamics of molecules over
the entropic barriers, which is dictated by the steric and
electrostatic interactions between the molecules and the sieve
walls as previously described.19,25,26
The sieve structure is fabricated as per the integration
process of the 1D CW motif previously reported but with a
further reﬁnement in the method of deﬁning the capillaries
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ﬂuorescent protein (GFP) was puriﬁed from GFP-overexpressing Escherichia coli through chromatography columns.
Cytochrome c from equine heart, bovine serum albumin (BSA),
tris, borate, ﬂuorescein isothiocyanate (FITC), and dimethyl
sulfoxide (DMSO) were purchased from Sigma Chemicals Co.
(St. Louis, MO). Ethylenediaminetetraacetic acid (EDTA),
sodium dodecyl sulfate (SDS), and dithiothreitol (DDT) were
acquired from Sigma-Aldrich (St. Louis, MO).
All the dsDNA samples were dissolved in 5× TBE buﬀer
(445 mM Tris/borate, 10 mM EDTA, pH ∼ 8.3) at a
concentration of 50 μg/mL after being labeled with YOYO-1 at
a dye/base pair ratio of 1:10. The proteins, including BSA,
GFP, and cytochrome c, were labeled with FITC and
subsequently mixed with 2 wt % SDS and 0.1 mM DDT.
The mixture was incubated in a water bath at 80 °C for 10 min.
The SDS-denatured proteins were then further diluted with 5×
TBE buﬀer with the resultant mixture containing 0.2 mg/mL
denatured proteins, 0.1 wt % SDS, and 5 μM DTT.
Experiments. Each sieve was ﬁlled with the TBE buﬀer and
placed on the stage of an epiﬂuorescence microscope (Eclipse,
Nikon, Tokyo, Japan) equipped with a 100 W mercury lamp
and a ﬁlter cube set for the excitation and detection of
ﬂuorescent emissions (Ex/Em: 491/509 nm, YOYO-1; 488/
525 nm, Alexa Fluor 488). Air bubbles were removed by
running electroosmosis for a few hours.29 The continuous
streams of dye-labeled proteins and DNA molecules were
generated and fractionated in the sieve under two independent
and orthogonal direct-current electric ﬁeld vectors delivered
from a multichannel high-voltage power supply (Tianjin
Dongwen Co. Ltd., Tianjin, China) through platinum electrodes (Leego Precision Alloy, Shanghai, China) immersed in the
reservoirs. Electrical conﬁguration is illustrated in Figure S-2. A
thermoelectric-cooled electron-multiplying charge-coupled device (EMCCD) (iXon3897, Andor, Dublin, Ireland) was used
to capture the stream images. Fluorescence intensity proﬁles
from a select region were extracted and analyzed by an image
processing software (ImageJ; NIH, Bethesda, MD). Essential
parameters, including the mean, xi, and standard deviation, σi,
of a stream i, were derived from a Gaussian ﬁt to the
corresponding peak (OriginPro 8.5, OriginLab Corp., Northampton, MA). The separation resolution between any two
streams (streams 1 and 2) was obtained through the relation Rs
= 2(x1 − x2)/(σ1 + σ2). The peak capacity of the sieve nc was
calculated according to nc = (Lc + 2σ̅m)/4σ̅m, where Lc is the
separation distance along the x-axis direction which was taken
here as the distance between the two separated streams at the
sieve end, Lc = xn − x1, with xn > x1, and σ̅m is the mean of the
stream standard deviations σ1 and σn. The distance Lc was
estimated as Lc = l(tan θn − tan θ1) where θn and θ1 represent
the stream deﬂection angles, with θn > θ1, and l is the array
length along the y-axis direction (l = 5000 μm).

Figure 2. Scanning electron micrographs from a representative sieve
captured from various sites as marked on (a) the layout schematic: (b)
the sample injection channel, (c) the sample collection channels, (d)
the sieve array, and the cross-sectional views of a single capillary (e)
before and (f) after placing an Al2O3 layer. Pitch, 4 μm (capillaries, 2
μm long).

exerts a high electrical resistance, functioning as a currentinjection source when an electric potential is applied through
wire electrodes immersed in the reservoirs. The currentinjection method has been implemented in previous 2D sieves
because it oﬀers tunable uniform electric ﬁelds Ex and Ey
established over almost the entire array, addressing the issue of
highly distorted ﬁelds associated with a ﬁxed voltage boundary
applied in the absence of such resistors.21,22 A theoretical
consideration of this method for a post array is given in ref 30.
The sample injection channel (Figure 2b) is 34 μm wide and
features 2 μm oxide pillars to prevent the aggregation of
macromolecules and facilitate their delivery into the array.
Fractionated molecules are collected at the opposing end
(Figure 2c) in distinct streams deﬂected from the y-axis
direction at a characteristic angle θ based on their size
(illustrated in Figure 2a). A segment of the array featuring a
pitch of 4 μm is depicted from above in Figure 2d.
In Figure 2e, a single capillary of the array is shown in a
cross-sectional proﬁle featuring a diameter 300 nm being scaled
down through thermal reﬂow, whereas in Figure 2f, the
capillary is shown being further scaled to 70 nm through ALD
of an alumina layer at a precise thickness. Dimensions below
100 nm can also be achieved solely through a thermal reﬂow by
extending the annealing duration as previously demonstrated
for the 1D CW array.24 Nevertheless, this annealing process is
often interrupted by frequent inspections of the diameter.
Scaling the diameter through ALD is highly predictable and
conveniently performed in a single run. ALD oﬀers a precise
thickness control and a highly conformal step coverage over
high-aspect-ratio structures.31 Moreover, the alumina capillary
walls exhibit a weak surface charge density at the running buﬀer
pH, ∼8.3, since the isoelectric point (pI) of alumina is
reportedly around 8.0,32 and thus, the unwanted electroosmotic
ﬂows can be suppressed during steric sieving macromolecules.
Electrostatic sieving, however, requires negatively charged
capillary walls, and the corresponding results presented here
are based on a 70 nm sieve achieved entirely through a thermal
reﬂow.

■

RESULTS AND DISCUSSION
Sieve Structure. Figure 2 shows the scanning electron
microscopy (SEM) images of various segments from a
representative sieve. The sieve contains a 2D periodic CW
array 5 mm wide and long, featuring self-enclosed capillaries
that are 70 nm in diameter and 2 μm long, being separated by 2
μm wide and deep channels (pitch, 4 μm). Results from sieves
featuring a pitch 10 and 20 μm are also presented (Supporting
Information). As illustrated in Figure 2a (and in Figure S-2),
the array is accessed by buﬀer reservoirs situated all around,
through channels 2 μm wide and deep as well. Each channel
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Sieve Characteristics. We ﬁrst investigated the sieve
characteristics purely based on the steric interactions of
macromolecules. Thus, the experimental results obtained are
from a sieve ﬁlled with TBE 5× buﬀer (ionic strength ∼130
mM)33 under which net electric charge of the sieve surface is
being screened (the Debye length λD < 1 nm ≪ dc = 70 nm).
Moreover, the alumina capillary walls express a surface charge
density that is negligible at the stated buﬀer pH, ∼8.3. Steric
interactions are concerned with conformation (entropic
trapping) or conﬁguration (Ogston sieving) of molecules
according to the molecular size (the radius of gyration Rg) in
relation to the capillary diameter, R. In entropic trapping, Rg ≳
R, larger molecules are more likely to deform and form hernias,
which can initiate the jump process across a capillary; hence,
between two consecutive jumps, larger molecules travel a
shorter mean distance along the channels and follow a stream
trajectory featuring a larger deﬂection angle θ (measured with
respect to the y-axis direction as illustrated in Figure 2a).
Figure 3a shows a sequence of ﬂuorescent images captured
from a location where the array meets the collection channels

degrades the resolution due to the entropic energy barriers ran
over by the intense ﬁeld (Figure S-4). Figure 3b also shows the
temporal proﬁles of the band dispersion (the variance of the
Gaussian ﬁts, σ2). The bands gradually broaden over time for
both the streams of λ DNA and T4 DNA. The latter disperses
more severely than the former with a dispersion coeﬃcient of
4.8 × 10−7 cm2 s−1 (R2 ∼ 0.93) as opposed to 1.8 × 10−7 cm2
s−1 (R2 ∼ 0.96).
For the entropic trapping regime, it is postulated that a large
coil when pressed against a slit occupies a greater portion of the
slit width and area than a small coil, which gives the large coil
the opportunity of presenting more numbers of monomers to
the slit than the small coil, thus rendering it statistically more
prone to form hernias and subsequent jump escapes.19 This
picture slightly diﬀers here; a large DNA coil, whether be it T4
DNA or λ DNA, is suﬃciently large to cover the entire capillary
opening. Nevertheless, T4 DNA can be more densely packed
against the capillary opening than λ DNA, with more numbers
of monomers likely to initiate the escape. Since this increases
the escape probability of T4 DNA coils as opposed to that of λ
DNA, the stream of T4 DNA features a broader dispersion
throughout the array (Figure 3b).
In the experiments, the ﬁeld intensity applied, Ex = 200 V
cm−1, is the minimum requirement to launch the streams along
the x-axis direction regardless of the molecular size of the
species being separated. Such a distinct and intense ﬁeld
threshold for the band or stream launching is a distinguishing
characteristic of the entropic barrier proﬁles arising from the
capillaries and also observed in the 1D CW sieve,24 yet at a
much higher level (1000 V cm−1; the reason for the relatively
low threshold is due to the structural geometry of the 2D CW
sieve). Separation under intense ﬁelds is beneﬁcial in terms of
high speed and low dispersion. In comparison, however, the
sieving mechanism in the SW sieve under such intense ﬁelds
usually breaks down;19 typical ﬁeld strengths applied in the 2D
SW sieve remains around Ex ≲ 100 V cm−1.22
The stream deﬂection angle θ is a direct measure of the sizedependent mobility of the macromolecules along the capillaries.
The slope of the deﬂected stream can be approximated as

Figure 3. Continuous-ﬂow electrophoresis of λ DNA and T4 DNA
through a 70 nm CW array (pitch, 4 μm) under Ex = 200 V cm−1 and
Ey = 100 V cm−1. (a) Time-stamped ﬂuorescent images captured near
the collection channels. Stream assignments: (1) λ DNA and (2) T4
DNA. Scale: 400 μm. (b) Plots of the separation resolution Rs and the
stream variance σ2 over time.

tan θ ∼ μx Ex /μy Ey

(1)

where μy is the mobility inside the channels along the y-axis
direction and taken here as the mobility in gel-free solution, μ0
∼ 4 × 10−4 cm2 V−1 s−1,35 and μx is the mobility along the xaxis direction. The mobility μx can be expressed in terms of
μx,max, which represents the maximum sieving-free mobility
along the same direction, being treated here as a ﬁtting
parameter along with α1 and α2:

(Figure 2c) during a continuous fractionation of bacteriophage
λ DNA and T4 DNA. As can be seen, the two streams emerge
(Rs ∼ 0.8) in 10 s following the onset of the applied ﬁeld
strengths Ex = 200 V cm−1 and Ey = 100 V cm−1. The spherical
size of λ DNA (48.5 kbp) and T4 DNA (166 kbp) coils in
equilibrium (unconﬁned), approximated by their radii of
gyration (Rg ∼ 690 and 1200 nm, respectively),34 is greater
than the sieve critical dimension (dc = 70 nm). Crossing a
capillary thus involves chain deformations and hernias
nucleation (sieving by entropic trapping). A closer inspection
at high magniﬁcation conﬁrms that the migration of larger coils
(T4 DNA) follows a more deﬂected stream trajectory than the
migration of smaller coils (λ DNA).
In Figure 3b, the resolution, Rs, is shown to increase more or
less linearly over time based on the ﬂuorescence intensity
proﬁles measured at the array bottom (Figure S-3). The
streams are baseline-resolved within a minute following the
ﬁeld onset and over an area of 2 mm by 2 mm after leaving the
injection point. More importantly, the streams are often fully
resolved (Rs ≳ 2) with an increase in Ex up to around 600 V
cm−1, beyond which any further increase, however, rapidly

μx =

μx ,max
1 + α1 exp(α2/Ex)

(2)

Increasing Ex while keeping Ey constant at 100 V cm−1
(Figure 4a) increases the mobility of both λ DNA and T4 DNA
chains along the capillaries in a trend nearly linear up to 600 V
cm−1 and in excellent agreement with eq 1 (the ﬁtting lines; R2
> 0.99; α1 and α2: 10.7% ± 1.8% and 272 ± 38 V cm−1,
respectively, for λ DNA; 1.9% ± 0.7% and 251 ± 23 V cm−1 for
T4 DNA; n = 5). Notably, across the chains, the values of α2
are comparable because the chains all encounter the same
entropic barriers, whereas the values of α1 vary by an order of
magnitude, suggesting that T4 DNA spends a smaller fraction
of the drift time along the x-axis direction inside the entropic
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Figure 5. Continuous-ﬂow electrophoresis of long DNA fragments
through a 70 nm CW array (pitch, 4 μm) under increased Ex and Ey =
100 V cm−1. (a) Fluorescent images captured near the collection
channels before and after the ﬁeld onset along the x-axis direction with
Ex being set to 200, 300, and 400 V cm−1. Stream assignments in kbp:
(1) 10, (2) 20, and (3) 48.5. Scale: 400 μm. (b) Plots of tan θ and the
eﬀective peak capacity nc as a function of Ex.

Figure 4. Plots of tan θ as a function of (a) Ex, under Ey 100 V cm−1,
and (b) Ey, under Ex = 200 V cm−1, obtained from continuous-ﬂow
electrophoresis of λ DNA and T4 DNA through a 70 nm CW array
(pitch, 4 μm). Error bars: ±1 SD (n = 5).

or less linearly in response to an increase in Ex within the tested
region (Ex ≲ 500 V cm−1 and Ey = 100 V cm−1). As can be
seen, the data are described reasonably well by the ﬁtting lines
according to eq 1 and for the values of μx,max, α1, and α2 as listed
in Table 1 (R2 ∼ 0.99 for 20 and 48.5 kbp DNA and R2 ∼ 0.94

traps than the fraction spent by λ DNA. Likewise, α1 greatly
varies with the pitch length (Figure S-5 and Table S-1) due to
the reduced number of entropic traps; in 10 and 20 μm pitch
arrays, the value of α1 for λ DNA drops to 2.4% ± 0.3% and
0.1% ± 0.01%, respectively, whereas μx,max and α2 show only a
slight increase. Increasing Ex beyond 800 V cm−1 causes the
mobility values converged into μx,max, which corresponds to θ ∼
32° and is consistent for the either chain size (4.2 ± 0.2 × 10−5
cm2 V−1 s−1 for λ DNA and 4.3 ± 0.2 × 10−5 cm2 V−1 s−1 for
T4 DNA). This value is an order of magnitude smaller than the
conformation-independent free-draining mobility but larger
than the value reported for λ DNA in 1D CW sieve (2.25 ×
10−5 cm2 V−1 s−1).24
Increasing Ey while holding Ex constant at 200 V cm−1
(Figure 4b) leads to a reduced stream deﬂection angle because
the chains migrate along the channels at an elevated rate while
ﬁnding less and less time to explore the capillary crossings. Still,
for a ﬁxed Ey, T4 DNA exhibits a greater jump passage rate than
λ DNA, resulting in a greater deﬂection angle θ. As Ey exceeds
100 V cm−1, the discrepancy between the jump passage rates of
λ DNA and T4 DNA chains diminishes. The trend exhibits a
hyperbolic proﬁle, which is in reasonable agreement with eq 1,
and the values of μx,max and the ﬁtting parameters α1 and α2 are
comparable to those obtained from Figure 4a (4.2 ± 0.1 × 10−5
cm2 V−1 s−1, 13% ± 1.3%, and 267 ± 25 V cm−1 for λ DNA, R2
∼ 0.98; 4.3 ± 0.01 × 10−5 cm2 V−1 s−1, 3.1% ± 0.6%, and 288 ±
26 V cm−1 for T4 DNA, R2 ∼ 0.93).
Sieving characteristics depend not only on the size of
individual molecules being separated but also on the
composition of the mixture these molecules are in. A mixture
of DNA fragments featuring chain lengths of 10, 20, and 48.5
kbp is also shown successfully resolved into three distinct
streams within a minute through a 4 μm pitch sieve under the
applied ﬁeld strength Ex ≳ 200 V cm−1 and Ey = 100 V cm−1
(Figure 5a; movie in the Supporting Information). This
separation still occurs in the entropic trapping regime where
the jump dynamics of the DNA fragments are dictated by the
chain deformation and hernia nucleation; the radii of gyration
for all the fragments remain still well above the capillary
diameter (Rg ∼ 320 nm for 10 kbp DNA).36 In Figure 5b, the
deﬂections of all the three streams are shown to increase more

Table 1. Fitting Parameters for the Plot of tan θ Shown in
Figure 5b
DNA length
(kbp)

μx,max × 105
(cm2 V−1 s−1)

α1
(%)

α2
(V cm−1)

R2

10
20
48.5

4.02
4.00
4.45

75.9
26.2
7.4

95
96
120

0.944
0.999
0.992

for 10 kbp DNA). For λ DNA, while μx,max is slightly larger than
those obtained from the separation of λ DNA and T4 DNA
(Figure 4), α1, and α2 are considerably reduced in comparison.
Although α1 falls within the range of ∓2σ (see the ﬁttings for
Figure 4a), these discrepancies could originate from the
structural variations across diﬀerent devices as well as the
variations due to molecular interactions speciﬁc to a particular
composition of the mixture; T4 DNA (166 kbp) is a relatively
large chain, and its presence could interfere with the jump
dynamics of λ DNA as opposed to the presence of fragments 10
and 20 kbp.
A further measure of the separation eﬃciency is the
maximum number of resolvable streams (Rs ∼ 1) that can ﬁt
into the sieve, the so-called eﬀective peak capacity of the sieve,
nc. Figure 5b additionally shows the dependence of the eﬀective
peak capacity nc on Ex calculated in reference to the streams 10
kbp DNA and λ DNA. A constant increase in nc is observed
with an increase in Ex because of the enhanced lateral
separation between the two streams. However, this trend is
expected to level oﬀ at some point (when Ex > 600 V cm−1)
due to the increased dispersion of the streams with Ex. The
peak capacity achieved here is comparable to that previously
reported for the 2D SW sieve.22
In Ogston sieving, where Rg < R, the stream of larger
deﬂection angle constitutes smaller molecules as they are more
likely to jump across a capillary than larger ones because larger
molecules experience a relatively limited conﬁguration freedom
10026
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inside a capillary and migrate a longer mean distance along the
channels between consecutive jumps. Figure 6a shows an

Figure 7. Continuous-ﬂow electrophoresis of two native proteins
through a 70 nm CW array (pitch, 4 μm) under Ex = 200 V cm−1 and
Ey = 100 V cm−1. Fluorescent images captured below the sample
injection point (scale bars, 200 μm): cytochrome c and cholera toxin
shown being fractionated at TBE 0.05× but failing to fractionate at
TBE 5× (inset). Fluorescence intensity proﬁle along the dashed line.
The scaling of the capillary diameter down to 70 nm was achieved
entirely through a thermal reﬂow of doped glass to retain a negatively
charged surface (pH 11).

Figure 6. Continuous-ﬂow electrophoresis of two SDS-denatured
proteins through 70 nm CW array with 4 μm pitch under Ex = 400 V
cm−1 and Ey = 100 V cm−1: (a) composite ﬂuorescent image of the
array below the injection point reconstructed from individual images
captured after obtaining steady streams; (b and c) ﬂuorescence
intensity proﬁles obtained along the dashed lines located in panel a at
(b) 1 mm and (c) 2 mm from the injection point. The peak
assignments: (1) BSA (∼68 kDa), (2) GFP (∼27 kDa), and (3) free
dye. Scale bar: 200 μm.

cannot be that eﬀective in electrostatic sieving, the sieve
fabrication excludes the ALD of alumina and relies entirely on a
thermal reﬂow to bring the capillary diameter down to 70 nm.
Since the doped glass surface is negatively charged at the stated
pH, cytochrome c shows more passage rate than cholera toxin
subunit B and follows a stream trajectory deﬂected at a larger
angle (17.5° vs 10.4°), whereas the latter molecules experience
a greater repulsion from the capillary walls. This leads to the
separation as shown in Figure 7. The resolution Rs values at 1.5
and 5 mm (extrapolated) from the injection point are 0.9 and
1.8 under ﬁeld strengths Ex = 200 V cm−1 and Ey = 100 V cm−1,
respectively. Moreover, the eﬀective peak capacity nc ∼ 4.6 is
comparable to that of the 2D SW sieve.22
While we have found the continuous-ﬂow sieving characteristics of the CW and SW sieves mostly comparable, the sieving
of the SDS-denatured proteins is noticeably faster in the former
(∼68 and 27 kDa) than in the latter (∼116 and 11 kDa; Figure
S2 in ref 22); the resolution level, Rs ∼ 1, for instance, is
attained at around 1 and 3 mm from the injection points,
respectively. This feature directly arises from a relatively highintensity ﬁeld applied across the CW sieve along the x-axis
direction, Ex = 400 V cm−1, in comparison to Ex = 75 V cm−1
applied for the SW sieve. Nevertheless, in the case of the SW
sieve, the separation reaches maximum resolution at around Ex
= 100 V cm−1, after which the resolution begins to degrade with
a further increase in the ﬁeld strength. The capacity to sustain
the sieving mechanism under high-intensity ﬁelds is a unique
characteristic of the CW sieve, which is also noticeable in batch
operation and leads to a rapid separation.23,24 This feature
arises from the 2D conﬁnement inside the capillaries and
correspondingly steep entropic barriers. Notably, the sieving
characteristics that are otherwise comparable are obtained here
through a CW sieve featuring a low-density entropic trap array
(pitch, 4 μm) in relation to the reported SW sieve (pitch, 2
μm).22 The pitch was kept 4 μm instead of 2 μm, i.e., 2 μm
long capillaries versus 1 μm long slits, to avoid expensive
patterning tools (e.g., stepper); a typical contact aligner can
reliably pattern features in size ≳2 μm.
A few remarks are in order regarding the size range of
macromolecules that could be separated using the sieve. Ogston
sieving of short DNA strands (length ≲1000 bp) may require
even further smaller capillaries (R ≲ 50 nm), which is still
within the realm of the fabrication method. Separation of
megabase pair to chromosomal DNA chains requires larger

equimolar mixture of SDS-denatured BSA (68 kDa) and GFP
(27 kDa), both in FITC-conjugated form, fractionated in a 70
nm sieve (pitch, 4 μm) ﬁlled with TBE 5× buﬀer under the
ﬁeld strengths Ex = 400 V cm−1 and Ey = 100 V cm−1. GFP
complex, being smaller than BSA complex, migrates along the
capillaries at a higher mobility, consistent with Ogston sieving,
and following a trajectory deﬂected at a larger angle (θ ∼ 14° vs
8.5°). Parts b and c of Figure 6 show the ﬂuorescence intensity
plots along the x-axis direction at a distance of 1 and 2 mm
from the injection point where the two streams are resolved
with Rs values 0.8, and 1.1, respectively. The resolution at the
sieve end (Rs ∼ 1.6) can only be projected through a linear
extrapolation of the Gaussian ﬁts along the streams due to the
weakened ﬂuorescent signals. Moreover, the minimum
resolvable size diﬀerence through the sieve is RM ∼ 25 kDa
based on the diﬀerential size of the proteins forming the
streams, ΔM, and the relation RM ∼ ΔM/Rs. By comparison,
the minimum resolvable size diﬀerence for the separation of
denatured proteins in the 2D SW sieve is RM ≳ 70 kDa.22 It
should be noted that a relatively low RM value is achieved here
using a pitch size twice as long, and thus, the number of
entropic barriers twice as less.
Cholera toxin subunit B (11.4 kDa; pI ∼ 6.6) and
cytochrome c (12 kDa; pI ∼ 10) are proteins of a comparable
molecular size and thus cannot be separated at TBE 5× , in
which electrostatic but steric interactions (Ogston) are
excluded. Figure 7 (inset) proves that the separation of the
two proteins leveraging steric interactions across the sieve is not
viable. Nevertheless, the proteins exhibit pI values being
suﬃciently apart and suitable for a separation based on the
native electrical charge at TBE 0.05× wherein electrostatic
interactions are no longer screened (ionic strength, 1.3 mM;
the Debye length λD ∼ 8.4 nm). At pH ∼ 11, cytochrome c
bears less negative charge than cholera toxin subunit B and thus
will be repelled less by the capillary wall which features the
same surface charge polarity. Because a sieve with an alumina
surface coating (pI ∼ 8) is charged weakly at the stated pH, and
10027
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channels (wells) to allow suﬃcient relaxation of molecules (Rg
≳ 3 μm). This would, however, limit the packing density of
entropic traps across the sieve and thus limit the eﬀective
separation of large DNA chains using a reasonably sized array.
Probably, real limitation to eﬀective separation of large DNA
chains would come from strong electric ﬁelds applied to
overcome steep entropic barriers and the inclination of large
DNA chains to entangle and compress under such strong
ﬁelds.34 Indeed, we observed DNA aggregates gradually
forming deposits along channels, causing the sieve performance
to degrade over time. This limits the sieve runtime to less than
an hour, and future remedies are needed should the sieve be
used for a very large DNA or a longer duration.

CONCLUSION
We have demonstrated a 2D capillary-well array with a sieve
size 70 nm and a pitch 4 μm and presented the sieve
characteristics on the continuous-ﬂow electrophoresis of small
(proteins) as well as large (DNA) macromolecules. The sieve
performance is found comparable, and even superior in the case
of proteins, to that of the 2D slit-well array featuring a sieve size
55 nm and a pitch 2 μm. These results suggest that the
steepness of the energy barriers across an entropic sieve array
plays a crucial role on the separation performance and can be
further enhanced by switching from slits (1D conﬁnement) to
capillaries (2D conﬁnement). This alteration is observed highly
eﬀective in raising the energy barriers; comparable sieving
results can be achieved by using nearly half of the entropic traps
that would be otherwise needed. This relaxes the requirement
on the spatial resolution of the array so that low-resolution
patterning tools can be used without the concern over
compromising the sieve performance. Conversely, advanced
patterning tools can be applied for a high-resolution sieve
(pitch ≲2 μm) and, subsequently, enhanced separation quality,
which would receive further boost from the use of capillaries.
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