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Abstract

Microfabricated regular sieving structures hold great promise as an alternative to gels to improve
biomolecule separation speed and resolution. In contrast to disordered gel porous networks, these
regular structures also provide well-defined environments ideal for study of molecular dynamics in
confining spaces. However, previous regular sieving structures have been limited for separation of
long DNA molecules, and separation of smaller, physiologically-relevant macromolecules, such as
proteins, still remains as a challenge. Here we report a microfabricated anisotropic sieving structure
consisting of a two-dimensional periodic nanofluidic filter array (Anisotropic Nanofilter Array:
ANA). The designed structural anisotropy in the ANA causes different-sized or -charged
biomolecules to follow distinct trajectories, leading to efficient separation. Continuous-flow size-
based separation of DNA and proteins as well as electrostatic separation of proteins were achieved,
thus demonstrating the potential of the ANA as a generic molecular sieving structure for an integrated
biomolecule sample preparation and analysis system.

Efficient methods of separating and purifying biomolecules from a complex mixture are of
utmost importance in biology and biomedical engineering. Currently, nucleic acids and
proteins are routinely separated based on size by gel filtration chromatography or by gel
electrophoresisl’z. Both techniques use gelatinous materials that consist of a cross-linked,
three-dimensional pore network, where the sieving interaction with the migrating
macromolecules determines the separation efficiency3’4. Both gel-based techniques represent
the current standard for size-based macromolecule separation. However poor separation
resolution in gel filtration chromatography and difficult sample recovery with gel
electrophoresis make neither method optimal in separating complex mixtures for downstream
analysisl. Liquid and solid gelatinous materials have also been integrated in microchip-based
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systems for rapid separation of biomolecules (e.g., DNA, proteins and carbohydrates) with
high resolution ~7. However, the foreign sieving matrices pose intrinsic difficulties for the
integration of automated multi-step bioanalysis microsystems. Furthermore, these microchip-
based systems are limited to analytical separation of biomolecules, due to the difficulty of
harvesting purified biomolecules for downstream analysis.

Recently, there has been great interest in switching from disordered porous gel media to
patterned regular sieving structures, either by colloidal templating of self-assembled bead
arrayssv9 or by microfabrication technique510‘15. While significantly more efficient than gels
in terms of separation speed and resolution, these regular sieving structures still largely
resemble gels in the sense that separation is achieved by repeated sieving through multiple,
identical “pores”. More recently, microfabricated asymmetric obstacle courses were used to
continuously separate macromolecules either by diffusion16:17 or by asymmetric bifurcation
of laminar flow8. This later work took advantage of asymmetric interaction of
macromolecules with the device geometries, which enabled these novel separation
mechanisms. However, the regular sieving structures discussed so far have proven efficacious
only for separation of long DNA and microspheres, and their applicability to smaller,
physiologically-relevant macromolecules remains questionablelglzo, which clearly limits
progress on a future integrated bioanalysis system.

Here we report a unique molecular sieving structure design, named “anisotropic nanofilter
array” (ANA)21, and its implementation for continuous-flow separation of DNA and proteins
based on either size or charge. The designed structural anisotropy of the ANA is critical to the
continuous-flow separation, which is not readily possible with a random isotropic sieving
medium (e.g., gel, liquid gel, and ampholytes). Moreover, the ANA allows for various sieving
mechanisms (e.g., Ogston sieving ‘24, entropic trappin925‘28, and electrostatic sievingzgv
30) to take effect for separation of biomolecules of very broad biological size scales and based
on different molecular properties, which is a clear advantage over the conventional and
nonconventional technigues discussed above. The continuous-flow operation of the ANA
further permits continuous-harvesting of purified biomolecules for downstream analysis,
rendering the ANA a promising generic sieving structure for an integrated biomolecule sample
preparation and analysis system.

Design of anisotropic nanofilter array

The design of the ANA consists of a two-dimensional (2D) periodic nanofilter array (Fig. 1).
The separation mechanism of the ANA relies on different sieving characteristics along two
orthogonal directions within the ANA, which are set perpendicular and parallel to the nanofilter
rows (indicated as x- and y-axis, respectively, in Fig. 1). Upon application of an electric field
Ey along the y-axis, negatively charged macromolecules are driven into the nanofilter array
following the direction of either electrophoretic force (electrophoresis) or hydrodynamic drag
force from electroosmotic flow (electroosmosis) (see Method). An orthogonal electric field
E, is superimposed along the x-axis across the nanofilters, and this field selectively drives the
drifting macromolecules in the deep channel to jump across the nanofilter in the positive x-
direction to the adjacent deep channel. Molecular crossings of the nanofilter under the influence
of E, can be described as biased thermally activated jumps across free energy barriers at the
nanofilter threshold28:3L, and these free energy barriers depend on both steric and electrostatic
interactions between charged macromolecules and charged nanofilter walls30. At high ionic
strength where the Debye length Ap is negligible compared to the nanofilter shallow region
depth ds, electrostatic interactions between charged macromolecules and charged nanofilter
walls are largely screened. The energy barriers are therefore solely determined by the
configurational or conformational entropy loss within the constriction due to steric exclusion
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(a purely steric Iimit)28 31,32 For biomolecules with diameters smaller than the nanofilter
constriction (i.e., Ogston sieving), the steric energy barrier has been shown to favor DNA and
proteins with a smaller size for passage2 (Fig. 1a), resulting in a greater jJump passage rate
Py for smaller molecules. Therefore, in Ogston sieving, smaller molecules exercise a shorter
mean characteristic drift distance L in the deep channels between two consecutive nanofilter
crossings, leading to a larger stream deflection angle 8. For macromolecules with diameters
greater than the nanofilter constriction size, passage requires the molecules to deform and form
hernias at the cost of their internal conformational entropy (i.e., entropic trapplng) 12 A
previous study on long DNA molecules trapped at a similar nanofluidic constriction showed
that the steric energy barrier for DNA escape depends solely on the inverse of the electric field
strength (~1/EX) . Further, longer molecules have a larger surface area contacting the
constriction and thus have a greater probablllty to form hernias that initiate the escape process
(i.e., a higher escape attempt frequency) (Fig. 1b). Therefore, in entropic trapping, longer
molecules assume a greater jump passage rate Py, resulting in a larger deflection angle 6.

For low ionic strength solutions where the Debye length Ap becomes comparable to the
nanofilter shallow region depth ds, repulsive electrostatic interactions between negatively
charged biomolecules and like charged nanofrlter walls become prominent and start to dictate
jump dynamics across the nanofilter (Fig. lc) 9,30, The electric potential remains negative in
the whole nanochannel, resulting in an electrostatic exclusion of negatively charged molecules.
Such electrostatic effects on the partitioning of macromolecules through nanopores have been
well studied in membrane science29:30 and recently have been applied for pH-controlled
diffusion of proteins across a nanochannel . Therefore, similar sized biomolecules bearing a
lower net charge are energetically favored for passage through the nanofilter, resulting in a
greater jJump passage rate Py and a larger deflection angle 6.

We fabricated a silicon-based device that incorporates the ANA as the sieving structure (Fig.
2). The ANA contains nanofilters with a constriction size of 55 nm (dg) and a width of 1 um
(wg). Deep channels separating the nanofilter rows are 1 um wide (wg) and 300 nm deep (dq).
The initial biomolecule stream is continuously injected into the deep channels on the top left
of the device. The fractionated biomolecule streams are collected at intervals along the opposite
edge. Microfluidic channels surrounding the ANA connect to fluid reservoirs, where voltages
are applied. The microfluidic channels provide sample loading and collection ports, and further
act as electric-current injectors to create uniform electric fields Ey and Ey over the ANA
structurel3;

Ogston sieving of short DNA molecules

To explicitly demonstrate the steric sieving effect of the ANA, we first injected a low molecular
weight (MW) DNA ladder sample (the PCR marker) at Tris-borate-EDTA (TBE) 5x buffer
(0.445 M Tris-Borate, 10 mM EDTA, pH=8.3) under a broad range of field conditions (Fig.
3). Since TBE 5x buffer has an equivalent ionic strength about 130 mM36 with a corresponding
Debye length Ap of about 0.84 nm (= ds=55 nm), steric interactions dominate jump dynamics.
The PCR marker contains 5 different DNA fragments of sizes ranging from 50- to 766-base
pairs (bp). Slnce the persistence length of DNA is about 50 nm (about the contour length of
150-bp DNA) , the PCR marker fragments appear relatively straight, and reco nlzable as
rigid, rod-like molecules with an end-to-end distance of about 16 nm to 150 nm31:38, The
entry into the confining nanofilter can only be realized if the rod-like DNA molecules are
properly positioned and oriented without overlapping the wall, which limits the configurational
freedom and creates an entropic barrier (i.e., Ogston srevmg)2 1,39 . Figure 3a-3f show 6
fluorescence photographs of the PCR marker stream pattern in the ANA when horizontal and
vertical fields of different values were applied. The horizontal field Ey quickly deflected DNA
fragments according to their molecular weights (size), with the stream deflection angle and the
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stream width depending on the exact field conditions (Supplementary Video 1). Increasing the
horizontal field E, resulted in larger deflection angles as well as wider spreading of the streams.

In Ogston sieving, the nanofilter jump passage rate P, for short DNA of a bp number N can be
calculated based on the equilibrium partitioning theory and the Kramer’s rate theory31. In the

limit of low field, the passage rate Py is proportional to EiK/N, where K is the DNA equilibrium
partitioning coefficient across the nanofilter3L. Therefore, increasing E, enhances the jump
passage rate Py, leading to a shorter drift distance L and thus a larger deflection angle 6. Based
on the calculation of Py, we have constructed a course-grained kinetic model to explain the
field-dependent stream deflection angle 6 (see Supplementary Text and Supplementary Figure
1).

The vertical electric field Ey also affects the deflection angle 6. As Ey was raised from 25 V/
cmto 75 V/cm at fixed E,=35 V/cm (Fig. 3d-3f), the DNA stream pattern became more focused
with shorter DNA fragments (50-bp, 150-bp) shifting towards the negative x-direction and
longer DNA fragments (300-bp, 500-bp, 766-bp) shifting towards the positive. A greater
vertical field Ey shortens the time for DNA to explore the transition through a nanofilter
threshold, which explains the behavior of short DNA with increased Ey. The long DNA
fragments shifted with Ey in ways not yet fully understood, although the changes were
reproducible with Ey up to 125 V/cm. We suspect this phenomenon might be due to the slight
non-uniformity of E, and Ey over the ANA.

Entropic trapping of long DNA molecules

The ANA can separate long DNA molecules based on the entropic trapping mechanism. We
prepared a mixture of long DNA molecules (the A DNA-Hind 11 digest) in TBE 5x buffer,
which contains 6 DNA fragments with sizes ranging from 2027- to 23130-bp and
corresponding equilibrium (unconfined) radii of gyration Rq of about 140 nm to 520 nm40,
These equilibrium radii of gyration are useful estimates of the spherical DNA size, and they
are all greater than the nanofilter constriction depth dg. Therefore the nanofilter jump dynamics
involves necessarily the deformation and hernia nucleation (i.e., entropic trapping). With
application of the horizontal field Ex=185 V/cm and the vertical field E,=100 V/cm, . DNA-
Hind 111 digest was separated in less than 1 min with base-line resolution (Fig. 4a—4b and
Supplementary Video 2; note the shortest 2027-bp fragment was too dim for clear visualization
in Fig. 4, but with higher CCD gain setting and longer CCD exposure time, the 2027-bp
fragment was identified to be base-line separated with the others). A closer look at the video
revealed that, as expected, longer DNA fragments followed more deflected migration
trajectories than shorter ones, a clear distinction of entropic trapping from Ogston sieving. The
streams of L DNA-Hind I11 digest followed more deflected and resolved trajectories as E, was
increased (Fig. 4c—4f). This observation is consistent with the argument that increased E,
lowers the activation energy barrier leading to a higher jump passage rate PX28

Size- or charged-based separation of proteins with the ANA

Mixtures of proteins under both native (Fig. 5) and denaturing conditions (Supplementary
Figure 2) have been separated based on either size or charge with the ANA, depending on the
buffer ionic strength. As proof of concept, we investigated various standard proteins dissolved
in either TBE 5x or TBE 0.05x (4.45 mM Tris-Borate, 0.1 mM EDTA) buffer, both at pH=9.6:
lectin from Lens culinaris (lentil) (MW~49-kDa, isoelectric point (pl, characteristic pH value
at which proteins exhibit zero net charge)~8.0-8.8), streptavidin (MW~52.8-kDa, pl=5-6), B-
phycoerythrin (MW~240-kDa, pl=4.2-4.4), and fibrinogen (MW~340-kDa, pl=5.5). Under
the horizontal field Ex=100 V/cm and the vertical field E,=50 V/cm, a mixture of lectin, B-
phycoerythrin, and fibrinogen was driven through the ANA at TBE 5x. The three proteins were
clearly separated into 3 distinct streams according to their molecular weight, and non-specific
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adsorption on the ANA was not significant, possibly due to electrostatic repulsion from the
like charged hydrophilic ANA walls#1 (Fig. 5a-5c). The stream deflection angles of lectin, B-
phycoerythrin, and fibrinogen are about 30.21°, 27.88°, and 24.04°, respectively. The
resolution Rq for lectin and B-phycoerythrin at 1.5 mm and 5 mm (extrapolated, see Method)
from the injection point are 0.33 and 0.47, respectively, while for B-phycoerythrin and
fibrinogen, Rg are 0.95 and 1.24, respectively. In all the experiments, lectin was deflected most
followed by B-phycoerythrin and then fibrinogen, suggesting Ogston sieving to account for
the jump dynamics. Further increasing Ey resulted in larger lateral separation and broader
lateral diffusion of the streams. Similar separation experiments with sodium dodecy! sulfate
(SDS)-protein complexes at TBE 5x also supported Ogston sieving for the differential jump
dynamics across nanofilters (Supplementary Figure 2).

Electrostatic sieving in the ANA was demonstrated at TBE 0.05x by separating two proteins,
lectin and streptavidin, under native conditions. Both the proteins have similar molecular
weight and a relatively large pl value difference. No separation of these two proteins was
observed at TBE 5% (Fig. 5d), which excludes the possibility of size-based separation.
However, at TBE 0.05x (equivalent ionic strength of 1.3 mM36 and a corresponding Debye
length Ap of 8.4 nm) where electrostatic interactions become dominant29,30:42, separation of
lectin and streptavidin was clearly achieved with 2 distinct streams under the horizontal field
Ex=250 V/cm and the vertical field Ey= 75 VV/cm. Streptavidin is more negatively charged at
pH=9.6 compared to lectin due to its lower pl value, and therefore streptavidin experiences
greater repulsion during the jump across the nanofilter constriction2?, leading to a lower jump
passage rate P, and a smaller deflection angle 0 (Fig. 5e). The stream deflection angles of
streptavidin and lectin were about 7.44° and 28.50°, respectively, and the resolution Rq at 0.9
mm and 5 mm (extrapolated) from the injection pointare 0.32 and 1.96, respectively, indicating
base-line resolution at the bottom of ANA.

DISCUSSION

We have observed direct experimental evidence of an unambiguous transition between Ogston
sieving and entropic trapping in the ANA. The trajectories of different-sized DNA molecules
are consistent with either Ogston sieving or entropic trapping (Fig. 6a). Crossover from Ogston
sieving to entropic trapping is between 1000-bp and 2000-bp, which is concurrently with the
DNA rod-like conformation to coiled conformation transition and is consistent with
observations in one-dimensional (1D) nanofilter arrays31. No saturation plateau was observed
for entropic trapping in the ANA, in contrast to the 1D nanofilter array3 , indicating possible
separation of long DNA in the ANA over an even broader size range. This different observation
might be attributed to the more complex structural geometry of the ANA. In addition, the 2D
anisotropic energy landscapes of the ANA is modulated by the two independent orthogonal
fields Ey and Ey; therefore, the local nanofilter jump dynamics of biomolecules is critically
different from in the 1D nanofilter array. It is largely unknown how our understanding of the
local nanofilter jump dynamics in 1D nanofilter array applies to the ANA. The effects of the
two actively modulated orthogonal fields as well as all the ANA structural parameters need to
be considered for a quantitative understanding of the different separation modes.

From the fluorescence intensity profile of Fig. 3b, the coefficients of variation (CVs) for the
150-bp, 300-bp, and 500-bp DNA stream profiles are 8.6, 6.0, and 4.5%, respectively.
Therefore, the size selectivity of the ANA in the Ogston sieving regime is about 5 nm
(corresponding to the end-to-end distance of 20-bp DNA). The separation efficiency of the
ANA can be further characterized by the effective peak capacity n. that defines the maximum
number of separated streams that fit into the space provided by the separation39. Figure 6b
shows the dependence of n. on the horizontal field E, for the regimes of Ogston sieving,
entropic trapping and electrostatic sieving. All the effective peak capacity curves initially
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increased quickly with E, and then leveled off. This asymptotic behavior of n; can be largely
attributed to the stream widening with increased E, which cancels out the increased lateral
separation between the streams. The effective peak capacity n. can be improved by increasing
separation distance. An optimized ANA structure with a gradient of decreasing constriction
size along the positive x-direction (an equivalent “gradient gel”) should also provide better
resolution and separate proteins over a wider molecular weight range, similar to the effect of
gradient-SDS gels for protein 5eparation1’43. Incorporating gate electrodes on the nanofilter
walls can allow for additional active adjustment of the surface potential, thus introducing a
new degree of control to enhance the electrostatic sieving across the nanofilter44:4%.

Other regular sieving structures for continuous-flow sorting of long DNA molecules and
microspheres have been reported recently (see Ref. 10‘18); however, none of these techniques
has demonstrated separation of smaller, physiologically-relevant macromolecules, such as
proteins, as we report here. The ANA also represents a significant advance compared to our
earlier work in 1D nanofilter arrays, since the continuous-flow operation of the ANA permits
continuous-harvesting of the subset of biomolecules of interest to enhance the specificity and
sensitivity for downstream biosensing and detection, which is highly desirable for integrated
bioanalysis microsystems because of the low sample throughput. In addition, separation speed
and resolution in 1D nanofilter arrays cannot be both enhanced without compromising each
other24, while in the ANA, they are mainly modulated by the two independent fields E, and
Ey, respectively. Therefore, careful regulation of both E, and Ey can always achieve rapid
separation with high resolution at the same time.

The designed structural anisotropy of the ANA is essential for continuous-flow separation. The
continuous-flow separation through the ANA should be applicable to any interaction
mechanism (either size-, charge-, or hydrophobicity-based) along the orthogonal x-direction
that can lead to differential transport across the nanofilters. The high-resolution separation and
ease of sample collection may prove useful for preparative separation of complex biological
samples, which has promising implications for proteomic research and biomarker
discovery46’47. The sample throughput of the ANA can be further scaled up by parallelism
with multi-device processing. We believe the ANA can be used as a generic sieving structure
to separate other particles of interest with nanoscale dimensions, including nanoparticles and
nanowires, viruses and cell organelles. In addition, we envisage it is possible to develop
anisotropic gel- or membrane-based large-scale biomolecule separation systems operating in
the continuous-flow mode by introducing structural anisotropy by either photo-patterning
anisotropic gel structures or stacking membranes in layers™®.

In summary, we have designed and implemented a novel anisotropic nanofluidic sieving
structure (i.e., the ANA) that can efficiently separate biologically-relevant macromolecules of
broad size scales. The designed structural anisotropy causes different-sized or -charged
macromolecules to follow distinct trajectories consistent with either Ogston sieving, entropic
trapping, or electrostatic sieving. We have successfully demonstrated high-resolution
continuous-flow separation of a wide range of DNA fragments (50-bp — 23000-bp) and proteins
(11 kDa - 400 kDa) within a few minutes. By virtue of its separation efficiency, ease of sample
recovery and high throughput enabled by continuous-flow operation, the ANA holds great
promise as an integrated biomolecule sample preparation and analysis system.

METHODS

Device design, fabrication and metrology

The shallow and deep regions of the ANA, as well as the microfluidic channels were defined
and etched into a Si wafer using photolithography and reactive-ion etching techniques. A 5x
reduction step-and-repeat projection stepper (Nikon NSR2005i9, Nikon Precision Inc., CA)
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was used for patterning. KOH etching was performed at 80°C to etch through the wafer for
creating buffer access holes. A 500 nm thermal oxide layer was grown to provide an electrical
isolation between the conductive Si substrate and buffer solution. Finally, the device was sealed
by bonding a Pyrex wafer on the front surface of the silicon wafer. The bonded wafers were
cut by diesaw into individual devices for channel filling and separation experiments. The depths
of shallow and deep regions of the ANA were measured with a surface profilometer (Prometrix
P-10, KLA-Tenco Co., CA) before the anodic bonding process. The depths and surface
uniformity of the nanofilter shallow regions were further checked by imaging the cross-section
of the nanofilter with scanning electron microscopy (JEOL6320FV, JEOL USA, Inc., Peabody,
MA\) after anodic bonding.

Sample preparation

Separation

The PCR marker as well as A DNA-Hind 111 digest (New England BioLabs, Beverly, MA)
were labeled with the intercalating fluorescence dye YOYO-1 (Molecular Probes, Eugene, OR)
in TBE 5x buffer. The dye to DNA base pair ratio was about 1:2 and the final DNA
concentration was about 42.18 pg/ml (PCR) and 104 ng/ml (A DNA-Hind 111 digest). Proteins
were dissolved in either TBE 5% or TBE 0.05x buffer, and the solution pH was further adjusted
to 9.6 by addition of potassium hydroxide (Sigma-Aldrich, St. Louis, MO). The following
commercially available proteins and protein-conjugates were investigated in this work:
fluorescent B-phycoerythrin (Alexis Biochemicals, San Diego, CA), Alexa Fluor 488
conjugated fibrinogen and streptavidin (both from Molecular Probes, Eugene, OR), fluorescein
isothiocyanate (FITC) conjugated lectin from Lens culinaris (lentil) (Sigma-Aldrich, St. Louis,
MO). The final concentration of each protein sample in the mixture was about 0.1-0.2 mg/ml,
except for lectin (0.2-0.4 mg/ml) due to its lower fluorescence signal. For SDS-protein
experiments, Alexa Fluor 488 conjugated cholera toxin subunit B was purchased from
Molecular Probes. -galactosidase from E. coli was obtained from Sigma, and was custom
labeled with Alexa Fluor 488 by Molecular Probes. The complete denaturation of both proteins
was performed by adding SDS (Sigma-Aldrich, St. Louis, MO) and dithiothreitol (DTT,
Sigma-Aldrich, St. Louis, MO). The SDS-DTT protein mixture contained 2 wt% SDS and
0.1M DDT and was treated in an 80°C water bath for 10 min. The resultant SDS-protein
complex solutions were mixed and further diluted in TBE 5% buffer. The final SDS-protein
complex sample solution contained 15.1 pug/ml cholera toxin subunit B, 90.9 pug/ml g-
galactosidase, 0.1 wt% SDS, and 5 uM DTT.

The ANA was filled with TBE 5x buffer for size-based DNA and protein separation and TBE
0.05x for charged-based protein separation, respectively. Additional 0.1wt% SDS was added
to TBE 5x buffer for SDS-protein experiments. In all experiments, DNA and SDS-protein
complexes followed the direction of electrophoresis (due to diminished electroosmosis under
high buffer ionic strength), while proteins under native conditions followed the direction of
electroosmosis (presumably due to their lower net charge compared to DNA and therefore less
experienced electrophoretic drag). An inverted epi-fluorescence microscope (1X-71, Olympus,
Melville, NY) equipped with a thermoelectrically cooled CCD camera (Sensicam QE, Cooke
Co., Auburn Hill, MI) was used for fluorescence imaging, and a 100W mercury lamp (Chiu
Technical Corp., Kings Park, NY) was used for illumination. B-phycoerythrin was visualized
with a Texas Red® filter set (exitation: 562 nm, emission: 624 nm, Semrock, Rochester, NY)
whereas all the other biomolecules were observed using a FITC filter set (exitation: 482 nm,
emission: 536 nm, Semrock, Rochester, NY). The images were analyzed with image processing
software (IPLab, Scanalytics, BD Bioscience, Rockville, MD).
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Size selectivity, resolution and peak capacity

The coefficient of variation (CV) of biomolecules with molecular weight m is defined as o,/
mx100%, where oy, is the standard deviation (£s.d.) of m. When used as a measure for size
dm
selectivity, CV is calculated according to CV=—" Tm_ &7 where 0 is the measured deflection
angle, as a function of m, and oy is the s.d. ofmhe det’réctlon angle derived from the stream
half-width. The effective peak capacity n is calculated based on some specified separation
resolution value Rq of adjacent streams. Separation resolution Rq between two streams (Stream
1and 2) is defined as Rg 1o=0.5%Ax/(c1+07), where Ax is the spatial distance between the two
streams, and o1 and o, are the +s.d. of stream widths. In the ANA, the effective peak capacity

5000 - (tanf, — tan6)+2 - o,
n. for adjacent streams separated at Rg=1 is calculated as " 4.0 ,
where 671 and 6,, denote the smallest and greatest stream deflectlon angles, respectlvely, ow 1S
the mean of £s.d. of stream widths, and 5000 gm is the width of the rectangular ANA. For all
the electropherograms measured, we have used Gaussian functions for fitting to determine the
means (the maximum intensity) as well as the stream widths. Please note that, due to the low
signal-to-background ratio, the separation resolution for electrostatic sieving of proteins at the
bottom of ANA is calculated by linearly extrapolating the stream separation distance and
stream width along the streams.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. O Schematic showing negatively charged macromolecules assuming bidirectional motion
in the ANA under the influence of two orthogonal electric fields Ex and Ey

Nanofilters (width: ws, length: I, depth: dg) arranged in rows are separated by deep channels
(width: Iy, depth: dq). Rectangular pillars (width: wy, length: I) serve as supporting structures
to prevent collapse of top ceiling. When the Debye length Ap = dg (Debye layer highlighted in
yellow) (a, b), steric exclusion effect dictates jump dynamics. For Ogston sieving (a), smaller-
sized molecules (green) are preferred for nanofilter passage, resulting in a greater nanofilter
jump passage rate Py. For entropic trapping (b), longer linear molecules (green) assume a
greater probability for hernia formation and thus a greater passage rate Py. Electrostatic sieving
becomes dominant when Ap~ds (c). Similar sized globular molecules with a lower negative net
charge (green) experiences smaller electrostatic repulsion when crossing negatively-charged
nanofilter, resulting in a greater passage rate Py. The mean drift distance L between two
consecutive nanofilter crossings plays a determinant role for the migration trajectory, with a
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shorter L leading to a larger stream deflection angle 6 where @ is defined with respect to the
positive y-axis.
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Figure 2. O Structure of the microfabricated device incorporating the ANA

Scanning electron microscopy images show details of different device regions (clockwise from
top right: sample injection channels, sample collection channels, and ANA). The inset shows
a photograph of the thumbnail-sized device. The rectangular ANA is 5 mm x 5 mm, and
nanofilters (wg=1 gm, =1 gm and ds=55 nm) are spaced by 1 um x 1 um square-shaped silicon
pillars. Deep channels are 1 um wide (wg) and 300 nm deep (dg)- Injection channels connecting
sample reservoir (1 mm from the ANA top left corner) inject biomolecule samples as a 30 um
wide stream. The red rectangle highlights the area in which fluorescence photographs in Fig.
3 were taken.
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Figure 3. O Ogston sieving of short DNA (the PCR marker) through the ANA

Fluorescent photographs of the PCR marker stream pattern were taken in the area highlighted
by the red rectangle in Fig. 2. For a, only Ey applied and E,=25 V/cm; for b, E,=35 V/cm,
Ey=25 V/cm; for ¢, Ex=60 V/cm, Ey=25 V/cm; for d, E,=35 V/cm, E,=12.5 VV/cm; for e,
Ex=35 V/cm, Ey=50 V/cm; for f, Ex=35 V/cm, Ey=75 V/cm. Band assignment: (1) 50-bp; (2)
150-bp; (3) 300-bp; (4) 500-bp; (5) 766-bp. Fluorescence intensity profiles (of arbitrary units)
were measured at the ANA bottom edge. The bars underneath the peaks are centered at the
means and label the stream widths (%s.d.).
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Figure 4. O Entropic trapping of long DNA (the A DNA-Hind 111 digest) through the ANA
Fluorescent photographs show separation of L, DNA-Hind I11 digest with different electric field
conditions. For a, b, f, Ex=185 V/cm, E,=100 V/cm; for ¢, E,=50 V/cm, E,=100 V/cm; for
d, Ex=145 V/cm, E,=100 V/cm; for e, E,=170 VV/cm, E,=100 V/cm. Band assignment: (1)
2322-bp; (2) 4361-bp; (3) 6557-bp; (4) 9416-bp; (5) 23130-bp. Fluorescence intensity profiles
were measured at the ANA bottom edge. The bars underneath the peaks are centered at the
means and label the stream widths (£s.d.).
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Figure 5. O Continuous-flow separation of proteins through the ANA

Proteins are driven through the ANA following electroosmosis. With TBE 5x, separation time
was within a few minutes; with TBE 0.05x, separation time was about tens of seconds. a-b,
Fluorescent photographs show separation of lectin, B-phycoerythrin, and fibrinogen at TBE
5x with E,=100 V/cm and Ey= 50 V/cm. Image a and b were taken for the same ANA area
(a with a Texas Red® filter set, b with a FITC filter set). c, Maximum fluorescence intensity
along the streams measured for both a and b as a function of x and y. d, No separation was
observed for lectin and streptavidin at TBE 5x with E,=150 V/cm and Ey= 75 V/cm. e,
Fluorescent photograph shows separation of lectin and streptavidin at TBE 0.05x with E,=250
Viem and Ey= 75 V/em. The inset shows fluorescence intensity profile scanned along the
dashed line (at y=175 um). Maximum fluorescence intensity along the streams measured for
e as a function of x and y is shown in f.
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Figure 6. O Ogston sieving, entropic trapping and electrostatic sieving of DNA and proteins in the

ANA

a, Stream deflection angle ¢ as a function of DNA length. Left side (Ogston sieving), E,=25
V/cm, and E: 10 V/cm (o), 35 V/cm (o), 60 V/icm (A), 85 V/em (V). Right side (entropic
trapping), Ey=100 V/cm and Ey: 50 V/cm (o), Ex: 80 V/em (o), Ex: 110 Viem (A), Ey: 145 V/
cm (V), Ex: 170 Viem (), Ey: 185 V/em (). The #s.d. of 0 derived from the stream half-
width are all less than 1°, so statistical error bars & for are not plotted. b, Dependence of the
effective peak capacity nc on Ey. For Ogston sieving (m), E,=25 V/cm; for entropic trapping

(®), E,=100 V/cm; for electrostatic sieving (A), E,=5

0 V/icm.
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