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Abstract

DNA size separation followed by purification and enrichment constitute essential operations for
genetic engineering. These processes are mostly carried out using DNA electrophoresis in gels or in
polymer solutions, a well-established yet lengthy technique which has been notably improved using
Lab-on-Chip technologies. So far innovations for DNA separation or enrichment have been mostly
undertaken separately, and we present an approach that allows us to perform these two processes
simultaneously for DNA fragments spanning 0.2-50 kilo base pairs (kbp) in length. Our technology
involves an electric field and a counter hydrodynamic flow in viscoelastic liquids, in which we show
the occurrence of transverse forces oriented toward the walls. These forces increase with DNA
molecular weight (MW) and hence induce a progressive reduction in DNA migration speed that
triggers size separation in microfluidic channels as well as in capillaries. The separation of MW
markers in the range 1-50 kbp is achieved in 15 minutes, thus outperforming gel electrophoresis that
takes ~3 hours for this sample. Furthermore the use of a funnel, where electric and flow fields are
modulated spatially, enables us to adjust transverse forces so as to stall the motion of DNA
molecules at a position where they accumulate at factors of up to 1000 per minute. In this
configuration, we establish that the operations of DNA enrichment and separation can be carried out
simultaneously for the bands of a DNA MW marker between 0.2-1.5 kbp diluted at 0.02 ng/uL in 30 s.
Altogether our technology, which can readily be integrated as an in-line module in Lab-on-Chips,

offers unique opportunities for sample preparation and analysis of minute genomic samples.
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Introduction

Electrophoretic separation of DNA is a key process of molecular biology, which is used both
for preparative and analytical operations. DNA electrophoretic mobility is essentially constant with
the size of the molecule in bulk, requiring the use of separation matrices to obtain size-dependent
transport properties *. Separation matrices can be constituted of polymer solutions/gels or regular
arrays of micro or nano-posts etched in glass or silicon . The development of nanostructures for DNA
analysis has constituted a mainstream research orientation for Lab-on-Chip technologies *, and these
researches resulted in good separation performances with continuous * or pulsed fields °. This
success also stimulated the development of novel strategies, including among others “entropic
trapping” ©, in which the matrix consists of consecutive deep and shallow trenches etched in silicon
that form entropic energy barriers crossed more rapidly by longer chains. These technologies
however did not prove to be sufficiently robust for their adoption by the molecular biology
community, and the standard system for high-performance DNA analysis consists of capillaries of
~100 pm in diameter filled with concentrated polymer solutions ’. The super-low dispersion of
capillary electrophoresis, which is sufficient to reach single base resolution ’, has played a key role for
sequencing technologies ®.

Efforts have been concomitantly devoted to the development of matrix-free separation
technologies. Cyclic hydrodynamic and electrophoretic actuation has been shown to induce DNA
radial migration towards the walls of capillaries °. Due to the dependence in DNA size of transverse
migration forces, it has been suggested that this approach was relevant for separation. In fact,
improved separation performances have been reported using continuous hydrodynamic flow

actuation in confined capillaries of ~5 pum

. This strategy turned out to be reminiscent of
hydrodynamic chromatography *?, in which separation is triggered by steric constraints that repel
large molecule from the walls where the flow velocity is faster. Whether steric repulsion or radial
migration is invoked, the mechanism of matrix-free separation relies on concentration modulations
in the channel cross section. Interestingly concentration variations of spherical tracers **'* and DNA
> could also be detected using viscoelastic fluids flowing in microchannels *°. Particles accumulate
toward the centerline due to transverse viscoelastic forces, which have been characterized both

experimentally and theoretically "8

. Using numerical analysis for a particle fixed in place by an
additional force field, Lee and co-workers noted that (i) cross stream forces could be oriented toward
the walls, and (ii) the amplitude of the resulting transverse force would be much higher than for a
freely suspended particle *°. We reasoned that this conjecture could be tested experimentally using
electrophoresis continuously acting opposite to the flow direction in order to stall the motion of

charged solutes, and hence generate transverse viscoelastic forces oriented toward the walls. Using
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single particle tracking of nanoparticles or A-DNA molecules of 50 kbp, we demonstrate that the
combination of hydrodynamic and electrophoretic actuations provides an efficient solution to
monitor the amplitude of viscoelastic forces. We then establish the conditions for high performance
DNA separation in microfluidic chips as well as in capillaries with this technology. We finally show
that the operations of DNA enrichment and separation can be carried out simultaneously using the
spatial modulations of the flow and the electric field in a microfluidic funnel. The overall
performances of our technology, as characterized by the concentration enrichment factor of ~10°
per minute and the separation of a molecular weight DNA marker including fragments ranging from 1

to 48.5 kbp in less than 17 minutes, offer a versatile toolbox for DNA analysis in Lab-on-Chips.

Experimental regime

The viscoelastic fluid was composed of a low conductivity buffer for electrophoresis (2X TBE,
see methods) supplemented with variable proportions of poly-vinylpirrolidone (PVP, 360 kDa)
spanning 0.1-5% (m:v) filtered at 0.2 um. PVP was used for its coating properties, which reduce the
strength of electroosmotic flow 2°, as well as its viscoelastic properties above the entanglement
threshold of ~0.7% *“*’. The concentration of PVP was set to 2% in most experiments. The
corresponding viscosity and elastic relaxation time were n~5.5 mPa.s and A~15 ms, respectively
(Supplementary Figure S1).

We used silicon chips of h=2-10 um and w=200 um in height and width, respectively (see
details of the fabrication in ref.??), or glass capillaries of inner diameter D~10-75 pum (Figure 1A). The
length L of the separation channel was 0.5 and 12 cm for microfluidic chips and capillaries,
respectively. The electric field £ was tuned in the range 0.2-5 kV/m, and the maximum flow velocity
Vv, spanned 100-3000 um/s. Inertial forces were negligible because the Reynolds number was in the
range of 10°-10%. The Deborah number De, which measures the product of the fluid relaxation time
by the shear rate y~vy/h~30-300 s, was ~0.5-5, implying that the elasticity of the fluid had to be

considered to describe the transport of DNA or particles .

Qualitative model of cross stream viscoelastic forces

We propose to qualitatively describe the physics of cross stream migration acting on particles
or DNA in the context of electrohydrodynamic actuation. We start from the argument of Leshansky
and collaborators **, which postulates that the transverse viscoelastic force is determined by the
normal stress difference N;=0;,-0; (see Figure 1A for geometry) For a Maxwell fluid, such as a
solution of PVP *°, N, is expected to scale with the square of the shear rate, as defined by y~ dv,/

0z. The physical basis of this model is that shearing of the fluid leads to an excess of elastic stress
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stored by the polymer around a particle, which in turn induces lateral movements toward regions
with minimal shearing so as to reduce the elastic energetic penalty.

We then propose to evaluate the spatial dependence of the viscoelastic force by finite
element modeling. We consider a charged bead of 100 nm in diameter transported in a microchannel
of h=4 um (Figure 1). We assume that the effective velocity of a particle is defined as the sum of
hydrodynamic and electrophoretic velocities. Disregarding rotational movements of the bead and
hydrodynamic interactions, we suggest that (i) Faxen law * describes the hydrodynamic component
of the effective speed, and (ii) a flat velocity profile along the vertical axis can be used to model
electrophoresis (see Methods section). Finally we compute the flow around one particle placed in
hydrodynamic or electrohydrodynamic flow fields by solving 2D creeping flow equations with finite
element methods (lower panel in Figure 1B). Upon application of an electric field, the shear rate at
the vicinity of the bead is enhanced near the centerline or near the wall (upper panel of Figure 1B)
depending on whether the particle is slowed down or accelerated (blue and green datasets),
respectively. Consequently, the amplitude of the electric field modulates the shear around the
particle, and so the transverse viscoelastic force. We therefore suggest that the application of an
electric field allows us to control the direction and the amplitude of cross stream forces in

viscoelastic fluids.

Cross stream forces acting on nanoparticles

We decided to characterize the transport of 200 nm particles conveyed in rectangular
channels of h=7 um in height and w=300 um in width filled with a 2% PVP solution. We used wide
field velocimetry, and extracted the longitudinal velocity distribution (Figure 1C). The pressure drop
was set so that the peak of the velocity distribution was at ~100 um/s (green dataset in Figure 1C),
and the corresponding average speed was 83 um/s. The negative charge of the tracers, which is
characterized by a surface potential of -41+/-2 mV (Malvern ZetaSizer), allowed us to combine
electrophoresis and hydrodynamics. The electric field was first adjusted to force particle migration at
30 um/s in the opposite direction to the flow (purple dataset in the inset of Figure 1C), and the two
fields were then actuated simultaneously. The shape of the resulting velocity distribution was
flattened (purple dataset in Figure 1C), and the average speed decreased more rapidly than the linear
subtraction of hydrodynamics and electrophoresis from 83 to 43 um/s. Further, as described in ref.
%% the analysis of the shape of velocity distributions enabled us to measure the particle distribution
across the channel height with no adjustable parameter. Focusing toward the channel centerline

15

occurred without electrophoresis (Figure 1D), in agreement with earlier studies ~, whereas an

accumulation of particles towards the walls was detected in the presence of an electric field acting
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opposite to the flow. These experiments therefore confirmed that the orientation of cross stream
forces could be monitored with combined electrophoretic and counter flow.

We then investigated the size dependence of cross stream forces using tracers of 100 and
300 nm co-flowing in a channel of 2.2 um in height. The particles were identified according to their
relative difference intensity (not shown), and the respective velocity distributions were extracted.
Without electrophoresis, both velocity distributions were peaked at 140 um/s, although that of 300
nm particles was expectedly sharper due to their focusing at the centerline. Given that these tracers
have similar surface potentials of -40+/-2 mV and hence comparable electrophoretic mobilities (not
shown), we assayed the effect of electro-hydrodynamic actuation. A narrowly-peaked velocity
distribution was obtained for 300 nm particles, whereas that for 100 nm tracers was flat in
comparison (Figure 1E). The associated concentration profiles indicated the sharp accumulation of
300 nm particles towards the walls (Figure 1F). In turn this experiment highlighted that the relative
difference in velocity between the two types of particles (v399 — V100)/V300 decreased from +18%
without electrophoresis to -65% with the electric field, and suggested that the simultaneous use of

an electric field and a counter flow offered an efficient strategy for size separation.

Cross stream forces acting on DNA

We subsequently inquired whether cross stream forces could also be observed with DNA
molecules. To this aim, we tracked the motion of fluorescently labeled DNA molecules (~50 kbp). The
velocity distribution was recorded in a 2 um-thick channel at a constant pressure drop of 10 bar/m
and for a range of electric fields spanning 0-2.5 kV/m (Figure 2A). The corresponding mean
hydrodynamic velocity was 230 um/s (yellow histogram in Figure 2A), and electrophoretic velocity
varied from 0 to 60 um/s, i.e. less than 25% of the hydrodynamic flow speed. The consequences of
cross stream forces could readily be assessed from the sharp slow down in velocity that was much
greater than the linear subtraction of the electrophoretic speed (indicated by colored arrows in
Figure 2A). This trend was similarly detected in the plot of DNA average velocity as a function of the
electric field (Figure 2B), which showed an initial slope 17 times steeper than expected without
coupling between hydrodynamics and electrophoresis (dashed lines). Further we wished to directly
demonstrate the preferential localization of DNA near the walls. The electric field was adjusted to
reach the stagnation point shown in Figure 2B. We then characterized the vertical position of DNA
molecules stopped in the field of view of the microscope by recording a series of stacks separated by
330 nm across a channel of 2 or 12 um in thickness (Figure 2C). The average intensity distribution for
20 molecules was characterized by a bi-modal shape (graph in Figure 2C), confirming the
accumulation of DNA near the walls due to viscoelastic transverse forces. Furthermore we noted that

the velocity distribution of molecules close to the walls, i.e. in the high electric field regime, was
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narrower than in the absence of electric field (light green vs. red histograms in Figure 2A). This effect
was qualitatively coherent with the confinement of DNA at the walls. Indeed Taylor dispersion, which
defines the diffusivity in pressure-driven flows, is proportional to with v2h? divided by the diffusion
coefficient 2. Confined molecules only explore a fraction of the channel at a reduced velocity, hence
the effective height and velocity with transverse viscoelastic forces that are relevant to estimate
Taylor dispersion are smaller than h and v,. In order to quantitatively characterize the reduction in
diffusivity, we normalized the breadth of the velocity distribution along the x axis to that obtained in
the y direction (see Figure 1A for geometry), in which Brownian diffusion was only contributing to
dispersion. This data shown in the inset of Figure 2B established that the amplitude of fluctuations
was reduced by a factor of ~7 with electro-hydrodynamic actuation. Hence our technology appeared
to overcome the limitation of Taylor dispersion in pressure-driven flows for microfluidic separation,
which has so far met limited success without the use of confined channels 2%,

Finally we investigated the potential of electrohydrodynamic flows for size-based separation
by assaying the behavior of two DNA species of 48.5 and 5.4 kbp (A-DNA and $X174, respectively)
simultaneously conveyed in a microchannel of 2 um. We extracted their respective velocity
distributions (Supplementary Figure S2), and evaluated the relative difference in speed as a function
of the ratio 8, which was defined by the electrophoretic velocity divided by the mean flow velocity
2/3v, (Figure 2D). Without electric field, the migration of A-DNA was expectedly faster than that of
$X174 due to the enhancement of viscoelastic focusing toward the channel centerline for high
molecular weight molecules, as was reported in ref. *°. Note however that dispersion was maximal,
hence separations were unfavorable, in this regime (see more below). With electrophoresis, the
orientation of cross stream forces towards the walls changed the migration order. The maximal
difference in velocity between A-DNA and $X174 was ~30% using a low flow velocity of v,~80 um/s
(red dataset in Figure 2D), suggesting that actuation parameters could be tuned to enhance the

performance of DNA size separation experiments.

DNA size separation

We then focused on DNA separation using three DNA molecular weight (MW) markers
conveyed in custom-made microfluidic chips or in capillaries. The main difference between these
technologies is associated to the length of the separation channel, which was at least of 12 cm for
Agilent Capillary Electrophoresis vs. 0.5 cm for our microfluidic devices. Given the sieving properties
of PVP for DNA separation *, we started with conventional electrophoresis carried out in a 10 um
capillary filled with a 2% PVP solution. Most bands of a kb-ladder were resolved in ~50 minutes with

an electric field of 3 kV/m (left panel of Figure 3A). We then optimized electro-hydrodynamic
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actuation parameters in the same capillary (see Supplementary Figure S3 for optimization strategy),
and resolved the bands of the separation standard in less than 30 minutes (middle panel of Figure
3A). The resolution of the separation in viscoelastic fluids between the 0.5 and 10 kb fragments was
enhanced, 28.0 using electro-hydrodynamics vs. 17.8 with electrophoresis (see Methods for
definition). Further, according to our model of separation based on transverse viscoelastic forces,
these experiments could be carried out in channels with minimal confinement, e.g. in a capillary of
inner diameter D~75 um. Indeed the bands comprised between 1 and 48.5 kbp were resolved in less
than 17 minutes with electro-hydrodynamic actuation (right panel of Figure 3A). This time to result
compares well with the run time of 3 hours in slab gels, as reported by the supplier for this MW
marker. Conversely high-performance capillary electrophoresis using polymer blends as separation
matrix allows one to reach time to result of 2 minutes for DNA molecules in the size range 0.2-20 kbp
31.

We subsequently investigated the separation mechanism in microfluidic chips of 2 um in
thickness. The pressure was set at 10, 25, and 150 bar/m in order to resolve DNA bands in the range
0.5-10 kb (Figure 3B). Optimal results were obtained for a mean flow velocity of 220 um/s and an
electrophoretic speed of 45 um/s, allowing us to complete the separation in ~7 minutes (middle
panel of Figure 3B). Furthermore the modulation of the flow rate towards high or low velocities
enabled us to improve the resolution of the separation for high or low molecular weight (MW)
molecules, respectively (right and left panels of Figure 3B). Using a low flow rate (purple curve, right
panel in Figure 3B), the cross flow migration force was insufficient to modulate the velocity of
molecules shorter than ~2 kb, which reached the detector in a single peak characterized by a speed
roughly equal to the linear combination of hydrodynamics and electrophoresis (not shown). In order
to recapitulate the three experiments in Figure 3B, we computed the ratio of DNA speed to the mean
flow velocity as a function of MW (Figure 3C). For each condition, we observed a monotonic decrease
in DNA speed, which was associated to the onset of transverse forces with DNA size. The three
curves also exhibited a sharp velocity decrease in a size range that could be tuned by adjusting the
pressure drop and the electric field. Hence, the modulation of transverse forces in electro-
hydrodynamic separation provided an efficient solution for DNA size analysis. Furthermore we
checked that transverse forces were predominantly determined by the shear rate by plotting the
results obtained in 10 pum capillaries (middle panel of Figure 3A) at the same shear rate of ~110 s,
which were nearly coincident with the data obtained in microfluidic chips (dashed and black curves in
Figure 3C). Altogether this set of data confirmed the relevance of electro-hydrodynamic actuation for
DNA separation in the size range 0.5-50 kbp.

Finally we evaluated the performance of our separation strategy by plotting (i) DNA velocity

and (i) the theoretical plate number per meter N *? as a function of MW (see Methods for definition,
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Figure 3D-E). The first plot showed the weak variation of DNA electrophoretic mobility (red dataset in
Figure 3D) in comparison to the responses obtained with electro-hydrodynamic actuation. The
typical scaling exponent of ~-2 (dashed line) was in fact much more favorable for separation than
that of conventional electrophoresis of -1 . In turn this result explained that the bands of a kb ladder
could be resolved in a chip with a separation channel of only 0.5 cm. We subsequently estimated N,
which spanned 10°-7.10° and appeared to be slightly smaller than with electrophoresis (red dataset
in Figure 3E). Optimal results of N~2.10° obtained with electrophoresis in Lab-on-Chips %33
confirmed this trend that the peaks of our separations were broader for a given separation time that
those obtained with electrophoresis. We explained this result by the residual band broadening
associated to Taylor dispersion near the walls of electro-hydrodynamic actuation (see e.g. inset of
Figure 2B). Notably this interpretation was supported by the low values of N obtained in capillaries
(lower blue dataset in Figure 3E): the overly long separation channel was associated to prolonged run
times, hence with more dispersion of the peaks. Consequently, the key feature of our technology lies
in the sharp variations of DNA velocity with its MW, which are partly balanced by band broadening

effects associated to hydrodynamic actuation.

Simultaneous separation and enrichment

Finally we hypothesized that electro-hydrodynamic actuation could be used to enrich DNA in
a funnel. According to conservation laws, the electric and flow fields increase proportionally in a
constriction except at the vicinity of the apex (Figure 4A). In the parameter space (E,v,), the
trajectory of DNA molecules located at the center of the channel (black arrow in Figure 4A) follows a
line starting from low values of (E,v,), i.e. near the origin (Figure 4B). Using a set of actuation
parameters appropriately defined, the migration regime is dominated by hydrodynamics far from the
funnel, so that transport ahead of the funnel is oriented towards this structure. As the molecule
progresses toward the apex, the flow velocity increases and transverse viscoelastic forces build-up,
leading to the progressive decrease of its effective velocity until it reaches the stagnation point
where electrophoretic and hydrodynamic forces balance (red circle in Figure 4B). Past this position,
conversely, DNA transport is forced by electrophoresis and oriented backwards to the stagnation
point, therefore defining a region in which DNA enrichment occurs. Moreover the enhancement of
viscoelastic forces with DNA MW is expected to lead to size dependent stagnation positions
(Supplementary Fig. S4A), allowing us to perform separation and enrichment operations
simultaneously. Note that this approach is reminiscent of several technologies with electric fields and
counter flows, yet all developed with Newtonian fluids so that electric fields at least 10 times greater
are necessary (Supplementary Fig. S4B). First DNA concentration has been achieved by flowing a

34-36

sample in a capillary tube, in which electrodes are incorporated by gap junctions . DNA molecules
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are stalled by electrophoresis in between the gap junctions. In another direction electro-osmotic
flows in balance with counter hydrodynamic flows have been exploited to enrich (i) DNA in a capillary
filled with gradient concentration of polymers *” or (i) microparticles in a microfluidic chip with a
constriction®,

To validate this hypothesis, we conveyed the 100 bp ladder in a funnel of 2 um in thickness.
An onset in fluorescence intensity was detected after 30 seconds (Figure 4C), and three bands could
be isolated together with a broad unresolved pattern at the constriction. Assigning the pressure drop
and the electric field to lower or higher intensities allowed us to resolve 2 or 5 bands, respectively
(left and middle panel of Figure 4D, Supplementary video S1). Given that the conditions to reach the
stagnation position require increasingly high electric and pressure fields for low MW molecules
(Supplementary Figure S4A), we concluded that the high molecular weight bands of 1500, 1000 and
800 bp were resolved in Figure 4C. In order to detect 8 bands out of 9 of the 100 bp ladder, we used
a shallower funnel of 1 um and higher PVP concentrations of 4% with 7 bars of pressure difference
(right panel of Figure 4D). Size separation was achieved in ~30 s (Supplementary video S2) and DNA
enrichment by a factor of ~50 per minute was detected for the 300 bp lane for an initial DNA
concentration of 0.03 ng/uL (Supplementary Figure S4C). Focusing on enrichment kinetics, we
measured the total fluorescence over time for the bands of 1500, 1000 and 800 bp highlighted in
Figure 4C, and deduced that the enrichment rate of 12-, 30-, and 42-fold per minute (left panel of
Figure 4E) was uncorrelated with the concentration of each lane of 13.5, 16.5, and 25 ng/uL,
respectively. We suggest that this discrepancy was associated to the difference in effective velocity
between the different DNA species during their transport ahead of the constriction. Bearing in mind
that the concentration factor was size dependent, we focused on the optimization of this parameter
by tuning the pressure and the electric field (right panel of Figure 4E) and reached enrichment rates
of 10° per minute (Supplementary Figure S4D). We wished to compare these results to those
obtained with electrokinetic trapping, in which electroosmosis and electrophoresis act in opposition

39,40

for DNA concentration™ ", or with dielectrophoretic trapping of molecules in electric field gradients

42 While enrichment factors of 60-fold per minute have been achieved with the former method,
state-of-the-art concentration rates of more than 10° per minute were reported in nanofabricated
structures *'. Therefore, our technology, which, to the best of our knowledge, has a unique potential
for simultaneous separation and concentration operations, compares favorably with electrokinetic
trapping, but does not compete with the performances of dielectrophoresis. However, this
disadvantage is compensated for by the simplicity of the fabrication process that only involves one
step of photolithography. Altogether, we have demonstrated that electro-hydrodynamic actuation

offers unique perspectives to simultaneously complete the operations of DNA enrichment and

separation on a chip.

Page 10 /17

Page 10 of 21



Page 11 of 21

Lab on a Chip

Conclusion

We have established the conditions for DNA separation and enrichment in electro-hydrodynamic bi-
directional viscoelastic flows. Transverse forces oriented towards the walls constitute the driving
mechanism of DNA manipulation. Our strategy therefore appears to be reminiscent of field-flow
fractionation (FFF) techniques, in which separation in a Poiseuille flow is achieved through cross

stream forces *.

In contrast to FFF, however, transverse forces are induced by co-linear
hydrodynamic and electric fields, and their amplitude can readily be monitored with conventional
fluidic actuation technologies. In addition the viscoelastic solution, which is composed of the cheap,
biocompatible, and broadly accessible synthetic polymer PVP, is characterized by a moderate
viscosity that is compatible with fluid manipulation in Lab-on-Chips. Our technology hence presents
an opportunity for a variety of developments in genomic analysis in miniaturized systems. Future
improvements of separation and/or enrichment performances may be achieved by investigating the
relationship between the resolution of separations and the fluid viscoelastic properties. Indeed, the
fluid characteristics can be monitored by tuning the molecular weight and/or the concentration of
dissolved polymers, e.g. PVP or poly-ethyleneoxyde, in order to modulate the amplitude of
transverse migration forces. This approach is consistent with the rigorous formulation of the
separation matrix with polymer blends for ultrafast separation of long DNA fragments by capillary
electrophoresis *'. More generally, the conception of a model of DNA transport, in which the fluid
properties, the geometry of the channel and the actuation parameters are determined for high-
performance DNA separation and enrichment, is highly desirable to consolidate our technology. With
these guidelines, the separation and enrichment of other biomolecules, such as proteins or RNA
strands, may be investigated experimentally in purified conditions, and maybe also in complex

media, such as blood or plasma.

Methods

Chemicals and reagents

Molecular biology grades chemicals were purchased from Sigma-Aldrich (France). The buffer for our
experiments was TBE 2X (Tris-HCI 160 mM, boric acid 160 mM, EDTA 5 mM, pH =8.3). Fluorescent
nanoparticles were obtained from BangsLabs (Polysciences). Their Zeta potential was measured with
the Malvern ZetaSizer. We used four different DNA ladders (Supplementary Figure S3), namely
ExactLadder DNA PreMix 100 bp Plus (Ozyme) for enrichment experiments, and 100 bp & 1 kb DNA
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ladder (NEB) or 1 kb Extend DNA Ladder (NEB) for size separation, as well as Lambda DNA and the
linearized plasmid $X174 supplied from NEB. DNA concentration was set to 10 ng/uL in separation
experiments, 0.5 ng/ul in enrichment experiments, and 0.5 ng/uL for single particle tracking. The
fluorophore YOYO-1 was purchased from Thermofisher, and used at a (DNA:YOYO-1) staining ratio of
10:1. 2% Dithiothreitol was added to the buffer for single molecule imaging in order to reduce

photocleavage.

Imaging set-up and electrophoregrams

Imaging was performed with a Zeiss epifluorescence microscope equipped with the 38HE filter set,
and with a Lumencor Light Engine emitting at 475 nm with a bandwidth of 28 nm. For single particle
tracking experiments with DNA or nanoparticles at a volume fraction of 10°, we used a 100X or 20X
objective with numerical apertures of 1.4 and 0.75, respectively. An ANDOR iXon-885 camera was
used with a binning of 2*2. Pressure was monitored with a MFCS controller (Fluigent, Paris)
delivering up to 1 or 7 bars, and electric fields were controlled with 300 V DC supplier. Capillary
electrophoresis was carried out with 7100 Capillary Electrophoresis system (Germany) equipped with
a Zetalif LED 480nm detector (Picometrics Technologies, France). Capillaries of different diameters
were purchased from Polymicro Technologies (Phoenix, US). YOYO-1 labeled DNA injection (10
ng/ul) was carried out during 5 seconds at an electric field of 30 kV/m in the sample reservoir.
Electrophoregrams were obtained by recording intensity temporal evolution at a distance of 12 cm

from the inlet.

For experiments in microfluidic chips, we recorded time series and analyzed images following two
different strategies. On the one hand, DNA or particles were isolated by intensity-based
segmentation performed in Imagel. Trajectories were subsequently reconstructed using Particle
Point Analysis in Matlab (MATWORKS), and velocity distributions were extracted, as described in ref.
% In order to monitor the distribution of A-DNA molecules across the channel height in Figure 2C,
we measured the fluorescence intensity of single molecules in the consecutive stacks along the z-
direction and then averaged the signal. On the other hand, intensity measurements were carried out
to extract electrophoregrams. Enrichment factors (EF) for individual bands in the funnel were also
computed by measuring the total intensity in one band /(t) at each time point normalized by:

1(t)~Ipg
ly—Ipg

EF(t) = (1)

with Iy, and Iz the initial intensity of the band and the background signal for buffer flowing in the

chip, respectively.
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Analysis of separation experiments

The performance of separations was evaluated by measuring the separation time tpy, and the peak
width at half maximum wpy, for each peak of electrophoregrams, and we evaluated the theoretical
plate number per meter:

2
N = 5.545 x (“’—NA) Jlsep 2)

WDNA

with /., the length of the separation channel. The resolution of the separation between specie 1 and

and 2 was defined by:

thna~thna
Res = v Whna )
DNA DNA

ODE modeling
Using COMSOL, we solved creeping flow equations in 2D with a particle conveyed by a flow field and
an electric field. The bead effective velocity was assumed to be the linear combination of Faxen law

and electrophoresis, according to:

SR G AT R

with a the radius of the particle and v, the electrophoretic velocity.
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Figure 1: Transverse migration of nanoparticles in viscoelastic fluids. (A) Representation of the
experiment, in which DNA transport is simultaneously actuated with hydrodynamics and
electrophoresis. (B) In the lower panel, the plot represents the flow field around a 100 nm particle
transported by a Poiseuille flow of maximum velocity v,2=100 um/s in a 4 um-thick channel (black
dataset obtained from finite element modeling). The particle represented by a circle is placed at an
arbitrary position midway through the wall and the centerline. Upon application of an electric field
that conveys the particle at +/-20 um/s, the shear stress around the particle is enhanced on the side
facing the wall or the centerline, depending on whether the particle is accelerated or slowed down
(upper panel). (C) The three histograms represent the velocity distribution of 200 nm tracers
transported in 7 um-thick channels with hydrodynamic (green dataset) or electro-hydrodynamic
actuation (cyan and purple datasets). The corresponding histograms in the inset represent the
velocity distributions for electrophoretically-driven nanoparticles. Note that the Gaussian shape of
the distributions with electrophoresis vs. the skewed curve detected for electro-hydrodynamics. (D)
The three curves represent the spatial distribution of tracers across the channel height for the same
conditions as in panel (C). (E) The graph shows the behavior of 100 nm and 300 nm tracers (smooth
or cityscape plots, respectively) transported in microchannels of 2.2 um in height with
hydrodynamics or electrohydrodynamics (black and green datasets, respectively). (F) The spatial
distribution of tracers across the channel height indicates the stronger accumulation of 300 nm

beads towards the walls for the same set of actuation parameters.

Figure 2: Transverse migration of DNA in viscoelastic fluids. (A) In the left panel, the graph shows
the velocity distributions obtained for A-DNA molecules flowing in 2 um-thick microchannels for a
constant pressure drop and electric fields of variable amplitudes. The electrophoretic mobility is
represented by the set of arrows in the inset. (B)The plot represents the average velocity of A-DNA as
a function of the electric field. The stagnation point corresponds to the conditions in which
hydrodynamic and electrophoretic forces are in balance and the velocity of the molecules is null. The
lower and upper dashed lines correspond to the initial variation in velocity vs. that expected for a
constant hydrodynamic transport and an electrophoretic mobility of 2.5 10™ cm?/V.s, respectively.
The inset shows the ratio of the standard deviation of the velocity distribution in the longitudinal vs.
lateral direction as a function of the electric field. (C) In a chip of 12 um in height, the position of A-
DNA molecules arrested in the field of view of the objective is measured using a series of stacks (3
representative images are shown at the top). The graph below represents the average intensity

distribution for 20 molecules, which appear to be predominantly located at the walls of the channel.
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(D) The relative velocity difference between A-DNA and $X174 molecules, as inferred from single

particle tracking, is plotted as a function of the electric field normalized to the mean flow velocity.

Figure 3: DNA separation using electro-hydrodynamic actuation. (A) The curves in the left and in the
middle report electrophoregrams obtained for the separation of a kb-ladder by electrophoresis alone
or electrohydrodynamic actuation, respectively, using capillary electrophoresis in 10 um tubings. The
electrophoregram in the right shows the separation of kb-extend DNA ladder by
electrohydrodynamic actuation in 75 um capillary. (B) The three graphs show electrophoregrams
recorded in 2 um-thick microchannels under different actuation conditions, as indicated in inset.
Note that the curve in the left is obtained with the 100-bp ladder and the others with the kb-ladder.
(C) The plot represents DNA velocity normalized to the maximum flow velocity v, of 0.9, 0.22, and
0.58 mm/s as a function of DNA MW (purple, black, and green datasets, respectively). Note the
correspondence of the colors with the electrophoregrams in (B). The dashed curve corresponds to
the result of capillary electrophoresis (graph in the middle of (A)). (D) The graph recapitulates the
variation of the velocity as a function of MW for all the electrophoregrams shown in (A) and (B). (E)
The theoretical plate number per meter is reported as a function of DNA MW for different
experimental conditions, namely electrophoresis (red curve), electrohydrodynamic actuation in chips

or capillaries (dashed and blue curves, respectively).

Figure 4: DNA enrichment and separation in a funnel. (A) In the left panel, the amplitude of the
electric and flow fields are predicted by 3D finite element modeling (upper and lower graphs). The
electron micrograph in the right represents the funnel just before sealing (B) The graph depicts our
strategy for a molecule transported along a streamline in the middle of the channel (fire colored line
in (A)). Starting from low electric and flow fields, the molecule travels to regions where mechanical
constraints are high, as indicated by the arrow, until its velocity becomes null (circle). (C) The time
series shows DNA enrichment and band formation in a funnel for a set of values in pressure and
electrophoretic forces. (D) The four micrographs correspond to the result of enrichment experiments
after 30 seconds for different actuation parameters indicated in the inset. The channel depth is 2 um
for the three images at the left and 1 um for the micrograph in the right. (E) The plots represent the
build-up in intensity over time for different bands and a given set of actuation parameters, or the
same band with different actuation parameters (left or right panel, respectively). Note that the signal
decreases to zero as soon as the electric field is stopped, as shown by the sudden drop in intensity

after 40 s in the right panel.
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Figure 1 Ranchon et al., 2015
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Figure 1: Transverse migration of nanoparticles in viscoelastic fluids. (A) Representation of the experiment,
in which DNA transport is simultaneously actuated with hydrodynamics and electrophoresis. (B) In the lower
panel, the plot represents the flow field around a 100 nm particle transported by a Poiseuille flow of
maximum velocity vO=100 um/s in a 4 um-thick channel (black dataset obtained from finite element
modeling). The particle represented by a circle is placed at an arbitrary position midway through the wall
and the centerline. Upon application of an electric field that conveys the particle at +/-20 um/s, the shear
stress around the particle is enhanced on the side facing the wall or the centerline, depending on whether
the particle is accelerated or slowed down (upper panel). (C) The three histograms represent the velocity
distribution of 200 nm tracers transported in 7 um-thick channels with hydrodynamic (green dataset) or
electro-hydrodynamic actuation (cyan and purple datasets). The corresponding histograms in the inset
represent the velocity distributions for electrophoretically-driven nanoparticles. Note that the Gaussian
shape of the distributions with electrophoresis vs. the skewed curve detected for electro-hydrodynamics. (D)
The three curves represent the spatial distribution of tracers across the channel height for the same
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conditions as in panel (C). (E) The graph shows the behavior of 100 nm and 300 nm tracers (smooth or
cityscape plots, respectively) transported in microchannels of 2.2 pm in height with hydrodynamics or
electrohydrodynamics (black and green datasets, respectively). (F) The spatial distribution of tracers across
the channel height indicates the stronger accumulation of 300 nm beads towards the walls for the same set
of actuation parameters.
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Figure 2 Ranchon et al., 2015
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Figure 2: Transverse migration of DNA in viscoelastic fluids. (A) In the left panel, the graph shows the
velocity distributions obtained for A-DNA molecules flowing in 2 pm-thick microchannels for a constant
pressure drop and electric fields of variable amplitudes. The electrophoretic mobility is represented by the
set of arrows in the inset. (B)The plot represents the average velocity of A-DNA as a function of the electric
field. The stagnation point corresponds to the conditions in which hydrodynamic and electrophoretic forces
are in balance and the velocity of the molecules is null. The lower and upper dashed lines correspond to the
initial variation in velocity vs. that expected for a constant hydrodynamic transport and an electrophoretic
mobility of 2.5 10-4 cm2/V.s, respectively. The inset shows the ratio of the standard deviation of the
velocity distribution in the longitudinal vs. lateral direction as a function of the electric field. (C) In a chip of
12 pym in height, the position of A-DNA molecules arrested in the field of view of the objective is measured
using a series of stacks (3 representative images are shown at the top). The graph below represents the
average intensity distribution for 20 molecules, which appear to be predominantly located at the walls of the
channel. (D) The relative velocity difference between A-DNA and X174 molecules, as inferred from single
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particle tracking, is plotted as a function of the electric field normalized to the mean flow velocity.
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Figure 3 Ranchon et al., 2015
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Figure 3: DNA separation using electro-hydrodynamic actuation. (A) The curves in the left and in the middle
report electrophoregrams obtained for the separation of a kb-ladder by electrophoresis alone or
electrohydrodynamic actuation, respectively, using capillary electrophoresis in 10 ym tubings. The
electrophoregram in the right shows the separation of kb-extend DNA ladder by electrohydrodynamic
actuation in 75 ym capillary. (B) The three graphs show electrophoregrams recorded in 2 um-thick
microchannels under different actuation conditions, as indicated in inset. Note that the curve in the left is
obtained with the 100-bp ladder and the others with the kb-ladder. (C) The plot represents DNA velocity
normalized to the maximum flow velocity v0 of 0.9, 0.22, and 0.58 mm/s as a function of DNA MW (purple,
black, and green datasets, respectively). Note the correspondence of the colors with the electrophoregrams
in (B). The dashed curve corresponds to the result of capillary electrophoresis (graph in the middle of (A)).
(D) The graph recapitulates the variation of the velocity as a function of MW for all the electrophoregrams
shown in (A) and (B). (E) The theoretical plate number per meter is reported as a function of DNA MW for
different experimental conditions, namely electrophoresis (red curve), electrohydrodynamic actuation in
chips or capillaries (dashed and blue curves, respectively).
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Figure 4 Ranchon et al., 2015
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Figure 4: DNA enrichment and separation in a funnel. (A) In the left panel, the amplitude of the electric and
flow fields are predicted by 3D finite element modeling (upper and lower graphs). The electron micrograph
in the right represents the funnel just before sealing (B) The graph depicts our strategy for a molecule
transported along a streamline in the middle of the channel (fire colored line in (A)). Starting from low
electric and flow fields, the molecule travels to regions where mechanical constraints are high, as indicated
by the arrow, until its velocity becomes null (circle). (C) The time series shows DNA enrichment and band
formation in a funnel for a set of values in pressure and electrophoretic forces. (D) The four micrographs
correspond to the result of enrichment experiments after 30 seconds for different actuation parameters
indicated in the inset. The channel depth is 2 um for the three images at the left and 1 ym for the
micrograph in the right. (E) The plots represent the build-up in intensity over time for different bands and a
given set of actuation parameters, or the same band with different actuation parameters (left or right panel,
respectively). Note that the signal decreases to zero as soon as the electric field is stopped, as shown by the
sudden drop in intensity after 40 s in the right panel.
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