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ABSTRACT (198 words)

Electrohydrodynamic migration, which is based on hydrodynamic actuation with an opposing
electrophoretic force, enables the separation of DNA molecules of 3 to 100 kbp in capillary
systems within one hour. Here, we wish to enhance these performances using microchip
technologies. This study starts with the development of a fabrication process to obtain
microchips with uniform surfaces, which is motivated by our observation that band splitting
occurs in microchannels made out of heterogeneous materials such as glass and silicon. The
resulting glass-adhesive-glass microchips feature the highest reported bonding strength of 11
MPa for such materials (115 kgf/cm?), a high lateral resolution of critical dimension 5 pm, and
minimal auto-fluorescence. These devices enable us to report the separation of 13 DNA bands in
the size range of 1-150 kbp in one experiment of 5 minutes, i.e. 13 times faster than with
capillary electrophoresis. In turn, we provide evidence that band splitting in heterogeneous glass-
silicon microchips arises from differential Electro-Osmotic Flow (EOF) in between the upper
and lower walls of the channel. We further indicate that differential EOF occurs in microchip
electrophoresis and constitutes an underappreciated source of band broadening. We finally prove
that our separation data compare favorably to state-of-the-art microchip technologies in terms of
resolution length and theoretical plate numbers.



INTRODUCTION

The gold standard in genetic analysis is capillary electrophoresis, which is based on the
migration of DNA molecules through a separation matrix that slows them down proportionally to
their molecular weight (MW) (Viovy 2000). Using a continuous and mono-directional electric
field, separation performances reach a limit above a threshold size on the order of ~10 kbp
(Viovy 2000; Dorfman 2010). The use of pulsed-field increases this size threshold by up to two
orders of magnitude, however at the expense of overly long separation times of 10 hours
(Dorfman 2010). Alternatively, free solution DNA separation based on hydrodynamic actuation
in narrow capillaries of ~2 um enabled the fractionation of molecules of up to 100 kbp in one
hour (Wang et al. 2012). The combination of electrophoresis and hydrodynamics acting in
opposite directions, hereafter called electrohydrodynamic migration, also appeared as a free
solution separation technology efficient for long molecules, as initially reported with 5 and 50
kbp DNA (Zheng and Yeung 2002) and recently improved in the range of 3 to 200 kbp with a
separation time of one hour (Milon et al. 2019). In order to consolidate the promising
performances of electrohydrodynamic migration, which relies on the existence of size-dependent
transverse forces that set molecules close to the walls (Ranchon et al. 2016) (ADD here 2 papers
from Butler), we wished to test whether microchips would allow us to gain time and extend the
separation range.

DNA separation techniques have indeed benefited from microchip technologies in
reducing sample consumption and analysis time and increasing the sensitivity and efficiency
(Pfohl et al. 2003). Gains in performance have been achieved through the control of sample
injection using sophisticated channel geometries (Nathan A. Lacher et al. 2001), as well as the
engineering of artificial matrices tailored for low or high MW molecules (Doyle et al. 2002; Kaji
et al. 2004; Rahong et al. 2014; Cao and Yobas 2014). The fabrication of microchips relies on
the assembly of a patterned substrate with a transparent one using a variety of micromachining
and bonding technologies. The transparent substrate is most often made out of glass, which
remains the most relevant material for analytical microfluidics due to its chemical, mechanical
and electric resistance in addition to its transparency and low background fluorescence, which
make it ideal for optical detection (Giri 2017). In contrast to capillaries, which present
homogeneous surfaces, microchip devices are in general heterogeneous in composition, for
instance with polymer/glass or silicon/glass walls. Yet, some reports have shown the degradation
of separation performances in microchips made out of hybrid materials (M.-S. Kim et al. 2005).
We therefore set out to perform our experiments in conventional silicon-glass microchips as well
as in specifically developed microfluidic devices with homogeneous surfaces.

The first section of this paper presents the fabrication process of selectively bonded glass-
glass microchips with an epoxy-based negative resist (PermiNex). The characterization of these
microchips notably shows the highest bonding strength of ~11 MPa (115 kg/cm?), enabling the
application of pressures up to 7 bar during separation experiments. We then probe the migration
of high MW molecules using electrohydrodynamics in homogeneous PermiNex-bonded vs.
heterogeneous microchips obtained by silicon-glass anodic bonding. DNA bands tend to split in
heterogeneous chips, but remain stable in Perminex-bonded devices. We propose that this effect



stems from the difference in electroosmotic flow (EOF) in between the upper and lower walls of
slit-like microchannels. By investigating DNA electrophoretic transport, we further suggest that
differential EOF accounts for the build-up in band broadening in heterogeneous chips. Finally,
we perform a long-range separation of 13 DNA bands from 1 to 150 kbp in PerminNex bonded
glass-glass microchips, which is achieved in less than five minutes with a resolution length
(minimum resolvable size) and theoretical plate number that compare well to the state of the art
microchip techniques. Altogether, we conclude that DNA electrohydrodynamic separation
performances can be enhanced using microchips fabricated with the Perminex bonding
technology.

MATERIALS AND METHODS

We used four-inch wafers of 500 um thick alkali-free glass AF 32® (Schott) and p-doped
silicon wafers. silicon/glass chips were fabricated following the process described in ref.
(Ranchon et al. 2016). Photoresists were purchased from Microchem Corp. Cleaning steps were
carried out with oxygen plasma (TEPLA) at a power of 400 W and a flow rate of 2000 ml/min
for 5 min. ¥Ve performed tests of adhesion using XYZTEC Condor Sigma bond tester with chips
of 0.25 cm*”.

Experimental setup:

Polymer solution PVP (polyvinylpyrrolidone) 10 KDa 2.5% (w/v) (Sigma Aldrich) is
prepared in TBE 1X (Tris-Borate-EDTA) (Sigma Aldrich) and supplemented with 2% (w/v)
DTT (Dithiothréitol, Sigma Aldrich). The solution is then filtered with 0.2 um pore syringe
filter. 150 kbp BAC-clone DNA band (gift from CNRGV) or phiX174 DNA (5,386 bp, Sigma
Aldrich) are diluted in a volume of the PVP solution at a concentration of 0.3 puM. Intercalating
dye YOYO-1 (Thermo Fischer) is used to label the DNA at a ratio of 1:8 (1 intercalating
molecule per 8 base pairs).

Microfluidic channels in Si/glass and glass/glass are filled with 70% ethanol to eliminate
bubbles. The channels are then filled with PVP buffer followed by an injection, at the inlet, of
PVP containing the labeled DNA molecules. A pressure and voltage are applied across the T-
shaped channels to create opposing hydrodynamic and electrophoretic flows. Lateral flows are
applied from the side channels to concentrate the DNA in a plug that is then pushed into the main
separation channel where the DNA bands are detected by an sSCMOS camera (Andor Zyla) at 35
mm from the T-junction (see Fig. 2 in Results). Fluorescence intensity as a function of time is
recorded and peaks are fitted using lgor Pro (WaveMetrics).

Metrics of the separations:




We compared the separation of 1-150 kbp DNA ladder to those of state of the art
microchip technologies using two parameters; the resolution length (RSL) and the theoretical
plate number. The RSL in bp defines the smallest size that can be resolved and is given by:

An (1)
RSL = R_s
where An is the difference in base pair between consecutive bands, and Rg the resolution
obtained at baseline by fitting the peaks with a Gaussian distribution. For temporal separations,
the resolution is calculated as follows:

R = 2(ty — t1) )
g = ———————
Wwq +W2

where t is the migration time of the DNA band and w the width of the band at the baseline. For
2(x2—x1)
wi1tw;

The theoretical plate number (N) is a measure of the separation efficiency, which is
calculated for separations in time, using the following formula:

N =16 (5)2 ©

w

spatial separations, we similarly define R; = , Where x is the spatial position of the band.

where t is the migration time of the band and w is its baseline width. To perform the comparison
between different separation techniques, theoretical plate number per meter is used instead. It is
defined as:

@)

N
Theoretical plate number per meter = (f) x 100

Where L is the separation length in cm.

RESULTS

Fabrication of homogeneous glass microchips with high-resolution:

Two approaches can be considered to fabricate homogeneous glass microfluidic devices,
namely (i) the formation of channels by photolithography and etching followed by glass-to-glass
bonding, or (ii) selective bonding using photo-patternable adhesives or glass frit. The former
approach is mostly carried out with fusion bonding (Stjernstrom and Roeraade 1998), which
amounts to fusing glass substrates together under pressure and temperature of up to 600° C
(Deng 2015). Similar techniques include plasma activated bonding (Howlader, Suehara, and
Suga 2006; Y. Xu et al. 2012) and UV bonding (Schlautmann et al. 2003), yet they require
immense care for the cleanliness of the glass substrates (Mayer, Marianov, and Inglis 2018). On
the other hand, glass frit bonding, which involves the use of an intermediate glass frit layer
heated until molten enabling the hermitic sealing of wafers (Knechtel 2015), suffers from its low
lateral resolution, which makes it difficult to define straight channel borders (Knechtel 2012).
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We chose to perform selective bonding with a photo-patternable adhesive to circumvent most of
these limitations.

The fabrication of PermiNex microchips starts with the spin coating of a positive resist
AZ ECI 3027 and exposure to UV through a negative polarity mask of a glass wafer (Fig. 1a-b).
Two layers of amorphous silicon (a-Si) of 120 nm and SiO, of 200 nm are deposited by
inductively coupled plasma enhanced chemical vapor deposition (PECVD) (Fig. 1c). The wafer
is cleaned and 3.5 mL of the adhesive photoresist PermiNex® 2005 is spin-coated to form a 2.5
pm film (Fig. 1d-e). The soft bake is performed at 95 °C during 9 min followed by UV exposure
for 45 sec at 870 mJ/cm? using the same negative polarity mask, in hard contact and with
alignment with the a-Si/SiO, patterned layer (Fig. 1f). The post-exposure bake time is set to 6
min at a temperature of 72 °C. Note that this step is critical for the conservation of the patterns
during the development with the organic SU8-developer during one min. The final step is a hard
bake at 180 °C for 5 min. The wafer is then cleaned using O, Plasma for 2 min at low power and
flow rate of (200 W and 400 mL/min), enough to remove organic contaminants but at the same
time preserve the adhesive resist. A decrease in the adhesive thickness of 300 +/- 100 nm is
noticed after the Plasma treatment. The wafer is eventually clamped with another glass wafer,
where via holes are drilled by sand blasting, using the fixture of Bond Aligner (Suss MicroTec)
to perform the alignment (Fig. 1g). The temperature and pressure program consists of heating the
wafers to 150-200 °C and applying a pressure of 4-5 bar for 30 sec establishing a force of 10-16
kN under vacuum (5x102 mbar). The whole bonding process takes less than 15 min. An SEM
image of the formed 2-um channel is shown in supplementary Figure S1.
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Figure 1: Glass/PermiNex/Glass process flow. (a) Spin coating of the positive photoresist AZ ECI 3027 on a glass
wafer. (b) UV exposure with the use of a negative mask following the standard protocol. (c) a-Si and oxide
deposition using PECVD. (d) ECI development using acetone. (e) Spin coating of PermiNex at a speed of 8000 rpm
and acceleration of 2500 rpm/s for 60 sec. (f) UV exposure with a negative mask and development of PermiNex with
SU-8 developer. (g) Adhesive bonding of the two glass wafers with PermiNex as intermediate layer.



Using a microchip design with a funnel-shape geometry, as reported in (Chami et al.
2018), we demonstrate the ability to fabricate channels with critical size of 5 um using a layer of
PermiNex of 2.2 +/- 0.1 um by comparing the mask feature to that imprinted in the final
microchip (Fig. 2a). Since the process comprises a low temperature bonding step, gold electrodes
of 200 nm in thickness can be fabricated on the glass substrate and glued with the PermiNex
layer (Fig. 2c-d). The PermiNex layer adheres very well to the gold and no leakage is observed at
the level of the electrodes or any other area in the device (data not shown). This integration
scheme can serve to perform electrical operation, such as electrochemical and/or amperometric
detection.

Tests of adhesion with pull-off tensile machine (see Methods) show that the bond fracture
failed each time because of either die fracture or breaking of the glue attaching the dolly to the
chips. Using shear tests, we evaluate the bonding strength of ~11 MPa (115 kgf/cm?) before the
glass breaks. It is the highest bonding strength, to our knowledge, obtained for
glass/adhesive/glass microchannels in comparison to SU-8 (S G Serra et al. 2007), BCB (Niklaus
2002), and silicone-based resins (J. Kim et al. 2012). The PermiNex bonding breaks with a
maximum pull force of 2.93 kgf bonding (~1.15 MPa bond strength) only when the microchips is
heated at 50°C. At this stage, the bonding is irreversible unlike in processes that use wax as
bonding adhesive (Gong et al. 2010).

The final microchips offer several advantages for electrohydrodynamic separation. First,
the bonding strength enables the application of pressures of up to 7 bar for separation
experiments. Second, the PermiNex microchips withstand very high electric fields, whereas
breakdown of the oxide layer occurs for a maximum applied voltage of 450 V using an oxide
layer of 400 nm in anodically bonded silicon/glass chips (Supplementary Fig. S2). Specifically,
we did not detect any problems as we used electrophoretic actuation with up to 800 V, i.e. with
electric fields of more than 200 VV/cm (not shown).
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Figure 2: High-resolution microfluidic funnel geometries and electrode integration. (a) Comparison between the
chromium mask feature of 5 um critical size and the microfluidic funnel geometry patterned using PermiNex (shown
in inset). (b) and (c) present bright field images of the microchip with integrated 200 nm gold electrodes.



Minimization of PermiNex auto-fluorescence:

One disadvantage of PermiNex comes from its high auto-fluorescence in the entire
visible spectrum (Kubicki, Walczak, and Dziuban 2016). A patterned a-Si layer, which is
strongly adsorbing light in the visible spectrum, is deposited underneath the PermiNex layer
(Fig. 1) in order to block the excitation and emission light and hence reduce auto-fluorescence.
Figure 3 shows a glass/glass chip bonded directly with PermiNex without the deposition of a-Si
(panels a & c) versus a chip where an a-Si layer of 120 nm and an oxide layer of 200 nm are
deposited before the spin-coating of PermiNex (panels b & d). A slight miss-alignment between
the PermiNex layer and the a-Si layer allows seeing the channel borders in Fig. 3b. As an
example of the adverse effects of PermiNex auto-fluorescence, we report fluorescence
micrographs of 150 kbp DNA molecules in the course of their electrophoretic migration in a
separation microchip (Fig. 3 ¢ & d, design of the chip in Fig. 3e). Even with the use of a field
diaphragm to mask the autofluorescence signal from the PermiNex layer, the signal to noise ratio
of individual molecules increases by a factor of 1.35 with the absorbing layer (dark blue curve in
Fig. 3f). Consequently, our microchip fabrication process is readily suited to bioanalytical

operations with a minimal signal to noise ratio and a strong resistance to pressure and electric
fields.
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Figure 3: Blocking the auto-fluorescence of PermiNex. . (a) Glass/glass chip bonded using PermiNex without the
deposition of an a-Si layer. (b) Glass/glass bonded chip with an a-Si and oxide layers deposited below the PermiNex
layer. The auto-fluorescence is totally blocked. A slight misalignment between the PermiNex and a-Si layer allows
distinguishing the channel borders. (c) and (d) A plug of DNA migrates in channels without and with a-Si layer,
respectively. (e) The design of a 4 cm microchip where a plug of DNA is formed at the junction with side channels
and the fluorescence detector placed 35 mm away. (f)The S/N ratio is calculated for molecules in (c) and (d), it
increases by a factor of 1.35 with the blocking layer.

Peak splitting in silicon/glass microchips is suppressed in glass/PermiNex/glass microchips:




We then focus on DNA electrohydrodynamic migration in Glass-glass vs. heterogeneous
microchips. We perform experiments with a single DNA band of 150 kbp and
electrohydrodynamic actuation associated to maximum flow and electrophoretic velocities of
Vo = 0.5mm/s and Vy = 0.11 mm/s, respectively. In glass/Si microchips, we notice that the
DNA band splits into two populations of equal intensity in front of the detector placed 35 mm
downstream of the injection plug (see chip design in Fig. 3e, Cyan curve in Fig. 4c). The analysis
of the fluorescence micrographs recorded by the camera indicates that the two DNA bands
migrate at different vertical positions across the channel height. A first DNA “band” appears to
be out of focus (close to the Si wall) at t=30.6 s (Fig. 4a) and the second one in focus (close to
the glass wall) at t=39 s (Fig. 4b). Small white arrows pointing contaminations stuck to the glass
wall help indicate the difference in focus between the two DNA populations.

Splitting can readily be eliminated in PermiNex-bonded microchips using the same
actuation settings (dark blue curve in Fig. 4c). It can also be recovered in “asymmetric”
PermiNex microchips (intermediate blue curve in Fig. 4c) obtained with the same fabrication
protocol except that PermiNex is developed with its standard developer that contains the
quaternary ammonium salt Tetramethylammonium hydroxide (TMAH). Because TMAH is
known to etch SiO, surfaces (Chen et al. 2001; Biswas and Kal 2006; Suttijalern, Prabket, and
Niemcharoen 2018), the development step likely creates differential roughness in between the
two glass surfaces, i.e. heterogeneities in surface properties despite the same composition.
Consequently, differences in surface molecular composition or in roughness appear to trigger
splitting in electrohydrodynamic separation.
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Figure 4: Evidence of band splitting in Silicon/Glass chips. (a) Time sequence of a 150 kbp DNA band in a
Si/glass channel at the detecting region showing unfocused DNA molecules migrating close to the Si surface after
migration time of 30.6 sec and (b) focused DNA molecules migrating close to the glass surface and passing in front
of the detector 8.4 sec later. The small white arrows point small contaminations stuck to the glass surface, which
demonstrate the difference in focus between the two DNA populations. (¢) Fluorescence intensity profiles showing a



150 kbp DNA band broadening and splitting into two bands in Si/glass and glass/glass chips developed with TMAH
versus a unique band in glass/glass chips developed with SU-8 developer (organic solvent). (d) Diagram
illustrating the viscoelastic migration of DNA molecules to the channel walls in opposing electrohydrodynamic

flows. The difference between the Si and glass surfaces electrochemical properties induces heterogeneity in the
EOF close to the two surfaces.

We suggest that peak splitting stems from the difference in EOF between the upper and
lower surfaces of the microchip. Differential EOF indeed induces a shear Couette-like flow
across the channel height (purple arrows in Fig. 4d) (Andreev, Dubrovsky, and Stepanov 1997a).
Because transverse migration to the walls is dictated by the fluid viscoelastic properties (Chami
et al. 2018), we suggest that molecules travel at the same distance from the upper and lower wall,
i.e. at equal hydrodynamic velocities, and that the peak splitting is dictated by the difference of
EOF.

Notably, the consequences of differential EOF readily appear in electrohydrodynamic
transport, because DNA spatial distribution is uneven across the channel height. Should this
effect occur in electrophoresis, we expect the shear flow induced by differential EOF to create
mixing by some type of Taylor dispersion mechanism arising from the coupling of longitudinal
speed gradients with transverse diffusion. Accordingly, previous electrophoresis studies have
shown that even a 10% difference in the zeta-potential between upper and lower walls of a
microchip leads to band broadening (Andreev, Dubrovsky, and Stepanov 1997b; Bianchi et al.
2001; Herr et al. 2000). We set out to check our proposition further by performing another set of
experiments with electrophoresis only.

Evidence for differential electro-osmosis in Si/glass microchips:

Using silicon-glass chips, we probe the response of single phiX-174 DNA with three
values of the electric field. Note that phiX-174 only contains 5 kbp MW, but its spherical shape
under the microscope simplifies its tracking. The trajectories of 40 molecules, each containing
100 points at least, have been recorded in 2D in order to extract the velocity distribution along
and across the electric field direction as was performed by our team to characterize confined
flows(Ranchon, Picot, and Bancaud 2015). The lateral velocity distribution (perpendicular to
electrophoresis direction), centered at zero, represents Gaussian noise due to thermal diffusion
(green histogram in Fig. 5a). The longitudinal velocity distribution (along the electrophoresis
direction) is instead shifted due to electrophoretic advection (blue histogram in Fig. 5a).
Assuming the electrophoretic force to be homogeneous across the channel height, we expect the
longitudinal dispersion to equate that in the transverse direction. However, we notice that the
breadth in the longitudinal vs. lateral direction is increased by a factor of 1.2, consistent with the
observation that the diffusion coefficient characterizing DNA bands in electrophoresis is larger
than that expected from Brownian fluctuations (Ross, Johnson, and Locascio 2001).
Furthermore, this onset appears to increase with the amplitude of the electric field by a factor of
1.1to 1.7 for an electrophoretic velocity of 9.8 and 21 um/s, respectively (not shown).



We then test whether the increase of the breadth stems from a difference in EOF between
the upper and lower channel walls. Considering that a molecule travels at V. by
electrophoresis, the effect of the electroosmotic mobility V.. , assumed to be homogeneous at
the upper and lower wall, sets the DNA net velocity t0 Ve — Veor (Viovy 2000). In hybrid
microchips, Vpna then takes the form of an affine function (Andreev, Dubrovsky, and Stepanov
1997b):
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distribution (Fig. 5b). According to this model, the fit of the velocity distribution informs us on
the difference in EOF between the glass and Si walls. By setting the electric field to three
different values, we observe that the difference in EOF increases linearly as DNA velocity
increase, passing through zero without electrophoresis and with a proportionality factor of 0.43
(Fig. 5¢).
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Figure 5: Analysis of DNA electrophoretic velocity distribution. (a) Velocity distributions of 2D tracked phiX174 DNA
molecules in a 2-um Si/glass channel for a time interval of 100 ms. Lateral velocity distribution (green) representing
thermal diffusion across the flow direction is centered at zero. Longitudinal velocity distribution (blue) is the convolution
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Heavyside distribution. Using a Matlab code, the longitudinal velocity distribution is de-convolved to obtain the diffusion-
free velocity distribution (represented by the Heavyside function) and the Gaussian noise. (c) Diffusion-free velocity
distribution obtained in Si/glass channels. The difference in electroosmotic velocity expectedly increased linearly with the
electric field, passing through zero without electrophoresis.

We then compare V 5 — vdewn inferred from electrophoresis measurements to the
difference of velocity between the two DNA peaks in electrohydrodynamic migration, shown in
Fig. 4c. The time difference between the split DNA bands allows us to estimate that (V) , —

VIown) = 190 um/s. Furthermore, given that the electrophoretic velocity opposed to the
hydrodynamic flow is equal to 460 pum/s, we deduce that the ratio between the DNA split band
velocity difference and the electrophoretic speed is 0.41. Hence, the broadening of the
longitudinal velocity distribution observed with electrophoresis together with the splitting of
DNA bands in electrohydrodynamic migration can be explained by the same difference in EOF
in between the upper and lower walls of heterogeneous Si/glass chips.

Separation 1-150 kbp using a glass/PermiNex/qglass T-shaped channel:

Finally, the newly fabricated glass/PermiNex/glass microchip is used for the separation of
a kbp DNA ladder supplemented with a 150 kbp band, allowing us to cover more than two
decades in MW from 0.5 kbp to 150 kbp. Optimal result is obtained by setting the pressure and
voltage to 500 mbar and 170 V, respectively, corresponding to a flow speed of 0.6 mm/s and an
electrophoretic velocity of 85 um/s. The separation of the 14 bands is achieved in less than 5 min
(Fig. 6) with baseline separation for the bands from 2 kbp. The separation can be reproduced
more than 10 times in the same chip without band splitting, demonstrating the relevance of our
technology with homogeneous upper and lower surfaces. Consequently, the microchip format
enhances the performances of electrohydrodynamic separations not only in terms separation
time, which is decreased from 30 to 5 minutes, but also with a broader separation range starting
from 1 instead of 3 kbp.
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Figure 6: Separation of 1-150 kbp DNA in a glass/PermiNex/glass channel. Fluorescence micrograph of a kbp
DNA ladder separated in a glass/PermiNex/glass microfluidic chip using opposing electrohydrodynamic flows in
viscoelastic polymer solution PVP 10 KDa 2.5%. The separation parameters are 500 mbar and 170 V,
corresponding to a hydrodynamic speed of 0.6 mm/s and electric field of 42 V/cm, respectively.

Comparison to microchip technologies for high MW DNA separation:

We now compare our separation performance to other microchip devices for fractionating
high MW DNA (1-200 kbp). We use the resolution length (RSL) and theoretical plates per meter
as readouts of the different techniques (see expression in the Method section) and report this data
in plots (Fig. 7) as well as in Table 1.

Micro-capillary electrophoresis (MCE) devices with polymer matrices like linear
polyacrylamide can be used for DNA separation in the size range of 1-10 kbp (Bousse, Dubrow,
and Ulfelder 1998; Mueller et al. 2000; Lu and Liu 2006) with high resolution and theoretical
plate numbers. An extension of the separation size range to 15 or 20 kbp can be obtained using
low viscosity polymers (F. Xu et al. 2003) and with the addition bacterial cellulose fibrils to the
low viscosity sieving medium (Tabuchi and Baba 2005). (Sun, Lin, and Barron 2011) could
further extend the separation range to 40 kbp using polymer blends. They separated 13 bands in
the size range of 1-40 kbp within 2 min.

Microchip gel electrophoresis (MGE) systems, where cross-linked gels like agarose are
incorporated inside the microchannels, can also separate 1-20 kbp DNA. (Ghanim et al. 2013)
used amperometric detection coupled with MGE in agarose to separate 1-20 kbp with a minimal
RSL of 50 bp, however the separation took 37.5 min. (J.-H. Kim, Kang, and Kim 2005) used
electrochemical detection with MGE to separate 1-10 kbp in 2.5 min. Most recently, (Gumuscu
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et al. 2017) demonstrated that continuous separation can be performed using MGE. They
fractionated 4 DNA bands of 1-10 kbp continuously within 2 min.

To overcome common limitations of MGE including Joule heating and limited
reusability, artificial gels constructed using micro/nanofabrication techniques were developed.
Nano-colloidal arrays (NCA), which are self-assembled closely-packed nanospheres were used
to size 1-15 kbp bands using electro-hydrodynamic actuation in 1.7 min with high efficiency
(Tabuchi et al. 2004). Using electrophoresis (Zeng and Harrison 2007) used NCA formed of 330-
900 nm silica beads to continuously separate 2-27 kbp (Zeng, He, and Harrison 2008) as well as
to fractionate two bands of 13 kbp and A DNA (48.5 kbp) in 7 min. (Kuo et al. 2007) used NCA
to form ordered nanoporous structure that resembles cross-linked gels to fractionate 1-10 kbp
DNA in XX min.

Higher MW DNA up to 209 kbp could be separated using micro and nanopillar arrays
(MPA/NPA). First, MPA enabled the separation of A and T4 DNA (168.9 kbp) within 10 s using
pulsed fields (Bakajin et al. 2001). (Lotien Richard Huang, Tegenfeldt, et al. 2002) also used
alternating electric fields to continuously fractionate 4 bands in the range of 61-209 kbp in 15 s
in a hexagonal array of 2 um diameter pillars called DNA prism. To facilitate the fabrication of
pillar arrays, (Doyle et al. 2002) used self-assembled superparamagnetic nanoparticles that form
3D post arrays under a magnetic field form a coil. This technology could separate 3 bands of
DNA in the ranges of 15-48.5 kbp and 48-145.5 kbp yet with low efficiency. Later, (Regtmeier
et al. 2007) showed that MPA can be used for trapping long DNA using electrodeless
dielectrophoresis. With the combination of electrophoresis and dielectrophoretic trapping, the
separation of 7 and 14 kbp in addition to A and T2 (164 kbp) was performed in 6 min.

NPA were widely used for the fast separation of few bands of DNA in the range of 1-166
kbp (Baba et al. 2003; Kaji et al. 2004; Chan, Lee, and Zohar 2006; Shi et al. 2007). (Yasui et al.
2015) showed that a non-equilibrium transport phenomenon inside NPA can yield fast separation
of 3 bands of DNA of 1-48 kbp with very high efficiency (20x10° plates/m). (Rahong et al.
2014) fabricated a new structure of rigid 3D nanowire arrays to separate DNA of 1-166 kbp
under DC electric field. The separation of 4 bands in this size range proved to be ultrafast in 13
sec (Kaji et al. 2004; Rahong et al. 2014). Most recently, high resolution separation of A and T4
DNA was obtained in a nanorod sieving matrix fabricated using localized oblique angle
deposition under constant electric field within 12 s (Cao et al. 2019). In general, MPA and NPA
showed very fast separations of long DNA molecules, however only few bands could be
fractionated with high RSL.

High MW DNA can also be separated using entropic trapping in slit-well motifs (SWM),
which are alternating shallow slits and deep wells fabricated by photolithography. Long
molecules stretch through the narrow slits and escape the traps faster than shorter molecules into
the deep wells (J Han, Turner, and Craighead 1999). SWM were used to separate 8 bands of a 5-
kbp DNA ladder with T2 and T7 DNA (37.9 kbp) and 4 bands of 24.5-97 kbp DNA in 15 to 40
min (J. Han and Craighead 2000; Jongyoon Han and Craighead 2002). A faster separation in 4
min of 6 bands in the range 3-21 kbp was obtained using a capillary well motif (CWM) with
nano-capillaries of 750 nm diameters (Cao and Yobas 2014). Another entropic trapping device of
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anisotropic nanofilter array (ANA) was developed to continuously separate 5 bands of 2-23 kbp
in 1 min using orthogonal electric fields (Fu et al. 2007). Globally, entropic trapping in SWM
feature even performances when compared to the other technologies (Table 1).

Obstacle arrays (OA) of different shapes and organization can be fabricated in
microchannels to separate long DNA through several physical mechanisms. A Brownian Ratchet
(BR) mechanism, where the DNA is separated based on differences in Brownian diffusion of
different sizes in an array of obstacles, was used to separate A and T2 DNA in 70-140 min
(Lotien Richard Huang, Silberzan, et al. 2002; Lotien Richard Huang et al. 2003). Using this
mechanism, the separation takes a long time since only low flow rates (or electric fields) can be
used to allow for Brownian diffusion to separate the different species (Xuan and Lee 2014).
Another mechanism that also relies on diffusion is size exclusion chromatography (SEC). In
SEC, the array of obstacles forms narrow and wide gaps where smaller DNA molecules can pass
through the narrow gaps while larger molecules continue their path in the wide gaps. SEC was
used for the separation of 2, 5 and 10 kbp DNA in around 6 min (Baba et al. 2003). High flow
rates can be used in OA with rows equally shifted with respect to one another. The separation
mechanism in such an array was dubbed deterministic lateral displacement (DLD), since defined
laminar flows that go through the OA control the path of molecules depending on their size. This
technique was able to separate 61 and 158 kbp in 10 min (L. R. Huang et al. 2004). Separations
in OA tend to be lengthy because they rely on molecular diffusion to achieve good performances.

Finally, through the adsorption of DNA on nano-patterned surfaces, 6 bands of 1-10 kbp
could be separated with high resolution. This technique does not require the use of separation
media and yields high theoretical plates, however, the fractionation of 1-8 kbp can take more
than 30 min (Seo et al. 2004).

Compared to all the aforementioned methods, electro-hydrodynamic separation carried
out in PermiNex chips compared favorably in terms of theoretical plates in the high MW limit,
and featured the broadest analytical range, where 13 bands of 1-150 kbp were separated with a
single round within less than 5 min (thick burgundy lines in Fig.7). Very noticeably, despite the
use of hydrodynamics and the large breadth of the injection plug (~ 20 pum, not shown), which
tends to further increase band broadening due to Taylor dispersion, we achieved high theoretical
plate numbers per m and low RSL of XX m™ and XX bp, respectively, for molecules longer than
10* bp. This result is due to the confinement of molecules near the walls (as shown in Fig. 4),
that restricts transverse fluctuations in a region where flow velocity variations are small.
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Figure 7: Comparison with state of the art microchip separation of long DNA. (a) Resolution length (RSL) for
DNA molecules of 1-200 kbp obtained using different microchip separation techniques. The RSL defines the
minimum size that can be resolved. (b) Theoretical plate numbers obtained using different microchip separation
techniques. Our technology of electrohydrodynamic separation in viscoelastic polymers in glass/PermiNex/glass
chips is comparable to the state of the art for long DNA separation.
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Table 1: Comparison of microchip separation techniques for long DNA (1-200 kbp) in terms of size range,
separation time, minimal RSL and theoretical plates/m.

Method Method (Kbp)u bands Time (min) RSL(Kbp)  (10° plates/m) Reference
PA 1-10 10 0.25 0.26 5.0-9.8 Bousse et al. 1998
PA 1-10 7 1.4 0.16 59-7.2 Mueller et al. 2000
Low viscosity HPMC 1-20 12 2.8 0.13 22-33 Xu et al. 2003
MCE cellulose fibrils 1-8 8 26 0.29 1.4-4 Tabuchi & Baba
1-15 2.4 1 1.3-1.7 2005
LPA 1-10 6.2 0.26 4-84 Lu & Liu 2006
Polymer blend 1-40 13 2 0.15 0.1-3 Sunetal. 2011
Agarose 1-20 6 37.5 0.05 0.3-0.6 Ghanim et al. 2013
MGE Agarose 1-10 10 2.5 0.4 0.0025-0.24 Kim et al. 2005
Gumuscu et al.
Agarose 1-10 4 2 1 2017
PEGylatednanospheres ;g 15 1.7 0.18 0.008-4.6  Tabuchietal. 2004
/electro-hydrodynamic
Nanoporous
SU-8 structure 1-10 8 10 0.4 0.2-1 Kuo et al. 2007
NCA Z & Harri
eng arrison
13, 2 7 21.7 0.0058 2007
Silica beads 6—20 zeng & Harri
- _ _ eng & Harrison
2-27 4 28 2008
2 um-wide pillars/ AL T4 2 0.16 84 - Bakajin et al. 2001
Pulsed field
2 um-wide pillars/ 61-209 4 0.25 33 - Huang et al. 2002
DNA prism
MPA 1 ti 15-48 15 14 0.2-04
um magnetic - .2-0.
particles posts 48-145 3 30 28 0.06-008  Devleetal 2002
2 um posts/ 7,14 2 6 4 Regtmeier et al.
Dielectrophoresis AT2 42 2007
150 nm pillars 2-10 3 1.25 2.4 1.27-18 Baba et al. 2003
. 4.4-23 4 11.3 2.6 0.07-0.8
100’50{:“22"“”"‘? 1,10,38 3 2.8 5.5 0.7-1 Kaji et al. 2004
P A, T4 2 0.38 103 0.16-0.19
300 nm pillars 21, T4 2 2 175 - Chan et al. 2006
200-300 nm wide pillars A T4 2 2 14 0.002 Shi et al. 2007
NPA
. 1-48 4 0.12 4 1-45
10-20 '[‘L"‘“,\Trlr;c’w"es 2-23 5 0.225 4 0.8-23  Rahongetal. 2014
5-166 4 0.058 7.6 0.7-5.3
500 nm wide pillars/
Nonequilibrium 1-48 3 1 1.2 6-20 Yasui et al. 2015
transport
Sub-100 nm nanorods A T4 0.2 16 0.5-0.96 Cao et al. 2019
) 5-40 8 30 2.5 1-10 Han & Craighead
75-100 nm slits & 1.5-3 17,72 2 18.3 68 0.4 2000
um wells/ Entropic Han & Cralehead
trappin B B an & Craighea
PpINg 24-97 4 37 20 2002
SWM 55 lits & 300
nm slits nm
wells/ ANA 2-23 5 1 1.4 - Fu etal. 2007
750 nm capillaries & 13
um wells/ CWM 3.5-21 6 4 0.2 0.7-1.9 Cao & Yobas 2014
1.4 um obstacles/ BR A, T2 2 140 91 - Huang et al. 2002
1.4 um obstacles/
on tilted BR A, T2 2 70 34 Huang et al. 2003
2 um obstacles/SEC 2-10 3 5.8 1.6 0.27-04 Baba et al. 2003
2.6 um obstacles/DLD 61, 158 10 33 - Huang et al. 2004
SE Ni patterned surface 2-23 33 0.15 1-39 Seo et al. 2004
ulag  PVP/opposingelectro- o, 13 4.58 0.24 0.015-2.6 This study

hydrodynamic
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CONCLUSION

The primary motivation of our work was the improvement of electro-hydrodynamic
separation of high MW molecules using microchips. This objective is fulfilled as we show the
separation of 14 DNA bands in the range of 0.5 to 150 kbp in less than 5 minutes with state-of-
the-art RSL and theoretical plate number. This achievement has been reached through the
implementation of a novel process for glass/adhesive/glass microchip fabrication, which offers
several key advantages, namely (i) a very strong bonding strength, (ii) a low auto-fluorescence,
and (iii) most importantly, homogeneous surface properties. A source of band broadening
associated to differential EOF is indeed detected in heterogeneous microchip devices. Given that
the inner surface of capillaries is homogeneous by virtue of design, it is tentative to suggest that
the state-of-the-art format for high performance DNA separation remains the capillary despite
years of research in Lab-on-Chip due to the hybrid format of most microchip devices (Ross,
Johnson, and Locascio 2001).

Although surface coating is a well-worked out solution to reduce the EOF (Milanova et
al. 2012; Kaneta et al. 2006; Ghosal 2004), it remains unclear whether its efficiency will be even
on the surfaces of heterogeneous microchips. This remark is validated by the fact that the
separation buffer of our experiments contains poly-vinylpirrolidone, which is known to reduce
the EOF (Milanova et al. 2012; Kaneta et al. 2006), and differential EOF is nevertheless detected
in electrophoresis actuation. We therefore propose that our process for glass-adhesive-glass
microchip fabrication could be useful to enhance the separation performances of virtually every
separation technology based on electrophoretic, electro-hydrodynamic or hydrodynamic
actuation.
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