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ABSTRACT 

The combination of hydrodynamic actuation with an opposing electrophoretic force in viscoelastic 

liquids enables the separation, concentration, or purification of DNA. Yet, because this technology 

uses hydrodynamic flow fields, which are associated to dramatic band broadening due to Taylor 

dispersion, the attainment of good analytical performances remains to be clarified. Here, we aim to 

study the mechanism of band broadening in electrohydrodynamic migration, and to minimize its 

amplitude for DNA separation enhancement. Using an automated microfluidic platform to monitor the 

migration of a 600 bp DNA band, we conclude that diffusion in the electrohydrodynamic regime is 

controlled predominantly by the electric field and marginally by the hydrodynamic flow velocity. This 

response is explained by an analytical model of diffusion based on Taylor dispersion arguments. 

Furthermore, we establish strategies to modulate the electric field over time and reduce the breadth of 

a DNA band in the context of optimized separation experiments. Altogether, our report is a leap 

towards to the development of high-performance analytical technologies based on 

electrohydrodynamic actuation. 
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INTRODUCTION 

The technologies to perform DNA separation by size can be coarsely cast intro three main 

classes, namely electrophoresis through polymer matrices, transport through artificial micro/nano-

fabricated matrices, and matrix-free DNA separation. The mechanism of DNA migration in the first 

two classes has been the subject of intense research 
1–6

, which aimed at elucidating the size 

dependence of the migration and the sources of band broadening, as reviewed in refs. 
7,8

. These 

mechanistic studies were coupled to tremendous experimental efforts to optimize separation 

matrices
9,10

, which have synergistically contributed to enhance DNA separations. The base resolution 

is now routinely achieved for sequencing applications 
11

.  

Interest for matrix-free separation technologies is more recent 
12

 with fewer studies on the 

separation mechanism despite key advantages in terms of reusability and simplicity of 

implementation. Matrix-free separation has been achieved with one force field, either hydrodynamic 

13,14
 or electrophoretic 

15
. In both cases the degree of confinement appeared to be critical given that 

experiments were carried out in microchannels of ~1 µm in thickness. The combination of electric and 

hydrodynamic actuation acting in opposite directions has been exploited to perform size separation in 

larger channels of 2 to 50 µm using Newtonian 
16–18

 or viscoelastic 
19,20

 fluids. The separation 

mechanism relies on transverse size-dependent forces oriented toward the channel walls, which have 

been studied analytically or numerically in Newtonian for DNA 
21

 and viscoelastic fluids for DNA and 

particles 
20,22

. Some predictions of models have been tested experimentally and validated 
20,23,24

. 

Furthermore, dual actuation aroused attention because it enabled the concentration of DNA in 

microchannels with a funnel geometry 
18,19,25–27

. The operations of DNA concentration and separation 

could be performed on-line with the so-called µLAS (µ-Laboratory for DNA Analysis and Separation) 

technology to produce high sensitivity DNA profiles with a limit of detection of 10 fg/µL 
28,29

. 

Whereas the physics of DNA separation in viscoelastic electrohydrodynamic migration has been 

studied experimentally 
20,23

, the mechanism of band broadening remains more elusive. In this report, 

we designed a microfluidic chip together with an experimental workbench to perform a systematic 

investigation of DNA dispersion in the pressure-electric field parameter space. Our study starts with 

the derivation of a model of band broadening based on Taylor-type arguments. We then motivate our 

research based on the evidence that the optimal separation of two bands corresponds to a minimum for 

band broadening. We thus focus on the diffusion coefficient of one single DNA band of 600 bp in 

three actuation schemes, namely electrohydrodynamic, hydrodynamic and electrophoretic. Our results 

show that the electrohydrodynamic diffusion coefficient is bonded by the electrophoretic and 

hydrodynamic responses and can be modulated finely in this parameter space. Furthermore, the 

diffusion coefficient appears to be mainly controlled by the electric field and marginally by the flow 

velocity, in excellent agreement with our model. Given that the voltage is a versatile actuation 
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parameter, we finally investigate whether the temporal modulation of the electric field enables the 

minimization of band broadening, and clarify how to optimize separation experiments by the temporal 

control over the electric field. Altogether, our study represents a step forward towards the development 

of high performance analytical technologies for matrix-free DNA separation.     

 

MATERIALS AND METHODS 

Chemicals and Biological material 

The viscoelastic polymer solutions contained polyvinylpyrrolidone 5% (PVP) of molecular 

weight (MW) 360 KDa purchased from Sigma Aldrich. The viscosity   of the solution was 25 

mPa.s and the fluid viscoelastic relaxation time   was 0.6 ms, according to the method 

developed in ref. 
30

. Dissolution of the polymer powders in 1X-TAE buffer (Tris-Acetate-EDTA 
31

) 

was performed during 1 day before filtration at 0.2 µm pore size. One or two bands of dsDNA of 600 

or 1000 bp (Thermo- Scientific) were then added at a concentration of 0.3 µM together with the 

intercalating dye YOYO-1 (Thermo-Scientific) at a dye to base pair ratio of 1:8. The channels were 

initially filled with 70% ethanol to prevent the formation of bubbles, briefly rinsed with deionized 

water (18.2 MΩcm), and then flushed with the buffer solution containing DNA. 

 

Chip fabrication 

The glass-silicon microfluidic chips were processed in clean room using photolithography and 

plasma etching, as described in ref. 
32

. Briefly, two steps of silicon etching were carried out on a 

silicon 4-inch wafer, first engraving a shallow channel of 2 μm in depth with a constriction shape (see 

layout in Fig. 1A) and then a thicker channel of 16 μm away from the constriction to limit the 

hydraulic resistance of the microfluidic channel. Note that etch depth are defined with 10% 

reproducibility. The maximal and minimal channel widths were 800 and 5 μm, respectively. Inlets and 

outlets were then drilled by sand blasting, and the silicon was insulated with a layer of 300 nm of 

thermally-grown oxide. The devices were eventually sealed by anodic bonding with an AF32 glass 

wafer for microscopy observation. 

 

Experimental settings for the study of band broadening 

We designed an experimental bench to monitor the dynamics of a DNA band throughout its 

migration in the microchannel. The microfluidic channel consisted of a DNA concentration module 

based on funnel-shape geometry followed by a linear separation channel of 1.6 mm in length. The 

length of the separation channel typically matched the field of view of a microscopy platform 
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comprising a 10X objective (Numerical Aperture=0.5, Olympus) and an sCMOS camera (Hamamatsu, 

ORCA Flash 4.0 lt+) with 2048 pixels of 6.5 µm (yellow dashed rectangle in Fig. 1A). Videos were 

mostly recorded at inter-frame intervals of 10 ms, but larger intervals were also chosen in the case of 

slow dynamics. Experiments were run in batch by synchronizing video acquisition and electro-

hydrodynamic actuation through a home-made software developed in LabVIEW. The pressure 

controller (MFCS, Fluigent) operated in the range of 1 to 5 bar, and the voltage generator consisted of 

a 0-10 V supply (USB acquisition card from National Instruments), which is used with a 100X 

multiplier to obtain an output in the range of 0 to 200 V.  

Data post-treatment consisted in extracting the band profile with a Gaussian fit (Igor Pro) to 

measure its full width at half maximum (FWHM)    and position    at time t. The diffusion 

coefficient was finally estimated between the times    and    and using the expression:  

    
   

     
 

         
     (1) 

We also used two metrics to assess the quality of separation experiments. Knowing the 

passage time    and    of band 1 and 2 in front of the detector and their respective widths    and   , 

we expressed the resolution as: 

     
     

    
    

  
    (2) 

The theoretical plate number per meter 
33

 was evaluated to assess the sharpness of DNA bands 

after 1.3 mm of migration: 

        
  

  
 
 

            (3) 

 

MODEL OF TRANSPORT AND DISPERSION 

Equation of transport: 

We model the evolution of the concentration  (x,t) with the Fick diffusion-advection equation, 

defining the migration velocity      and the diffusion coefficient     . 

  

  
 

 

  
     

  

  
          (4) 

The solution of equation (4) is a Gaussian function in the form: 

             
          

 
 

 
 

        
 
 

   (5) 
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In the following paragraphs, we express      and      in the context of electrophoretic, 

hydrodynamic, and electrohydrodynamic migration. In electrophoresis, the DNA velocity is 

proportional to the electric field   with        and    is the electrophoretic mobility. In the limit of 

vanishing electric field, band broadening is dictated by Brownian fluctuations
7
, so that the 

electrophoretic diffusion coefficient    is equal to the bulk diffusion coefficient   . The situation is 

more complex for oriented molecules 
2,34

 with a linear dependence of the normalized diffusion 

coefficient       with the electrophoretic mobility (see ref. 
7
, for review). 

Hydrodynamic migration is described by the Taylor-Aris model
35,36

. For molecules smaller than 

the channel cross-dimension, the migration velocity is equal to the average speed of the flow    and 

the diffusion coefficient is enhanced due to the coupling of longitudinal advection with diffusion 

transverse to the flow direction. The diffusion process reaches a steady-state once the time scale of 

flow advection      (with   the position of the detector along the channel) is greater than the 

diffusion time       across the channel height  . For a slit-like channel, the normalized diffusion 

coefficient is: 

        
  

    

      
     (6) 

Physics of µLAS and prediction for the diffusion coefficient 

In electrohydrodynamic migration, DNA transport in a hydrodynamic flow    with an 

opposing electrophoretic force characterized by the velocity    is associated to a transverse force     

oriented toward the channel upper and lower walls
19

. Close to the wall,     can be modeled by an 

elastic spring, which stiffness increases linearly with    and    
4,5

: 

          
     

  
      (7) 

with   the size of the chain,   the height of the channel, and   the distance from the walls. The use of 

Boltzmann statistics allows one to deduce DNA average position from the wall 
20,23

: 

     
    

 

  

       
     (8) 

Close to the wall and neglecting hydrodynamic interactions, the Poiseuille flow can be 

linearized and the DNA velocity therefore reads:  

    
   

 
           (9) 

Boltzmann statistics also enables us to compute the variance of the DNA vertical position, 

which is on the order of      20,23
. We then assume that DNA migration occurs in a space domain 
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delimited by vertical boundaries comprised between  =0 and     . The diffusion coefficient can then 

be estimated using Taylor-type arguments 
37

: 

   

  
 

  
    

      
     

    

 
 
 
     

    

 
 
 
    

    

 
 
 
   (10) 

Note that without confinement, i.e. for         , this expression is equal to Eq. (6). In the 

presence of the transverse viscoelastic force, the leading order term is that on the right, allowing one to 

estimate the diffusion coefficient by plugging Eq. (8) in Eq. (10): 

   

  
 

  

    
       (11) 

In electrohydrodynamic actuation, the diffusion coefficient therefore depends on    but not on 

  . This counter-intuitive prediction comes from the fact that the hydrodynamic mixing takes place in 

a volume        set by    and   . 

 

 

RESULTS AND DISCUSSION 

Optimal DNA separation is associated to minimal dispersion  

In order to evaluate the impact of band broadening on the separations with electrohydrodynamic 

actuation, we performed series of experiments with on-line concentration and separation in a 

microfluidic chip with a funnel shape geometry (Fig. 1A, see Methods for fabrication details). The 

µLAS operation 
28,29

 consisted of a first phase of concentration during 10 s using a high electric field 

(red curve in Fig. 1B), which allowed us to stop and accumulate molecules in the funnel, i.e. ahead of 

the separation channel. At time t0, the electric field was decreased either linearly over time or abruptly 

to a second plateau (Fig. 1B), and the DNA band started to migrate in the separation channel, as 

shown in the time lapse of Fig. 1C. After the full passage of the DNA band, the electric field was 

turned off to flush the chip and start another experiment. The bands could be characterized either in 

temporal or in spatial mode. The temporal mode consisted in recording the variation of the intensity 

signal with a ROI of 20x20 µm
2 

at 1.3 mm from the funnel. The spatial mode used the entire width of 

the camera sensor to determine the profile of the band in the course of its migration (Fig. 1D). 
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Figure 1: Experimental workbench for band broadening characterization. (A) Micrograph of the microfluidic chip with 
green and red arrows to depict the hydrodynamic and electrophoretic velocities, respectively. The yellow rectangle is the 

field of view of the camera. (B) The graph sketches the temporal sequence of our experiments with a first phase of 
concentration at high pressure and high voltage. At time t0, video recording starts and the electric field is modulated to 

start the separation phase. (C) The three fluorescence micrographs represent the dynamics of a single band as it migrates 
through the separation channel. (D) The graph represents the spatial intensity profile of one DNA band for eight 

consecutive time points separated by 500 ms. The solid lines correspond to Gaussian fits. 

 

In a first round of 36 DNA separation experiments, we used two bands of 600 and 1000 bp, 

and modulated the hydrodynamic pressure in the range of 2 to 5 bar, corresponding to average 

hydrodynamic velocities    spanning 2.4 to 6 mm/s, while applying linear ramps in electric field 

starting from a maximum tension of 80 V, equivalently             , down to 0 V (green curve 

of Fig. 2A). Fluorescence intensity was recorded in the temporal mode (blue dataset in Fig. 2A), and 

the peaks were automatically fitted with a Gaussian function (black curves in Fig. 2A). We used the 

resolution 
38

, which is the ratio of the distance  between two consecutive peaks divided by their 

breadth (see Eq. (2)), to gauge the quality of the separations. The maximum resolution of 4.1 was 

obtained for a pressure of 3 bar and a slope of -7 V/s (Fig. 2B). The complete analytical process, 

which is reported in the plot of Fig. 2A, took 23 s including 10 s of pre-concentration in the funnel. 

Interestingly, the maximum resolution also corresponded to a sharp peak of the theoretical plate 

number for the 1000 bp band of 1.5 10
6
 plates/m (Eq. (3) and Fig. 2C). This result therefore showed 
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that band broadening should be minimized for optimal DNA separation, and in turn motivated our 

study on dispersion in electrohydrodynamic migration. 

 

 

Figure 2: µLAS separation of 600 and 1000 bp bands. (A) The plot reports DNA electrohydrodynamic separation using a 
constant pressure drop of 3 bar and an electric field that decreases linearly over time starting from 80 V (green line). The 

blue dataset represents fluorescence intensity, as measured after 1.3 mm of migration in the separation channel. The two 
bands are fitted with Gaussian functions (solid black line). (B) The contour plot shows the resolution of the separation as a 
function of pressure drop and absolute value of the voltage slope. (C) The theoretical plate number for the 1000 bp band is 

reported as a function of pressure drop and absolute value of the voltage slope.  

 

Diffusion in the electrophoretic and hydrodynamic regimes 

As a starting point, we assayed the diffusion coefficient in the reference regime of free 

diffusion using the 600 bp DNA as probe. These experiments started with a phase of concentration 

using a pressure of 2 bar and a tension of 150 V during 10 s, which enabled us to form a band of 

FWHM ~55 µm in the funnel region (Supplementary Fig. S1). Electrohydrodynamic actuation was 

then turned off, and the dispersion of the band was monitored during 60 s. The band profile was fitted 

with a Gaussian function in order to extract its width and then determine the diffusion coefficient    

of             µm
2
/s using Eq. (1). This estimate appeared to be slightly larger, yet comparable to 

the prediction of Stokes-Einstein’s law of 0.04 µm
2
/s taking 200 nm for DNA hydrodynamic diameter 

(i.e., two Kuhn segments). 

We then focused on diffusion with hydrodynamic actuation in the Taylor dispersion regime 

(Fig. 3A). We measured the breadth of the band for three different pressure drops of 2, 3, and 4 bar, 

which corresponded to average migration velocities    of 1.7, 2.7, and 3.4 mm/s (not shown).       

increased with the flow velocity, and its amplitude of ~10
6
 indicated that mixing was enhanced by 

hydrodynamics. The increase of the diffusion coefficient in the course of the migration showed that 

the steady state for the Taylor dispersion regime was not reached. This observation was in fact 

expected because the diffusion time in the vertical direction       of tens of seconds was greater than 
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the migration time      of ~1 s. Conversely, the Taylor dispersion would require an even distribution 

of molecules across the channel section, as obtained for a transverse diffusion time much shorter than 

the advection time. Nevertheless, we noted that the amplitude of the normalized dispersion coefficient 

predicted by the Taylor model (Eq. (6)) of ~10
7 

for a flow velocity of 2 mm/s was consistent and 

slightly larger than our measurements. 

 

 

Figure 3: Diffusion in hydrodynamics and electrophoresis. The normalized diffusion coefficient of a 600 bp DNA band is 
plotted as a function its position along the separation channel for three different pressure settings (A) or voltage settings 

(B). 

 

We then performed the same experiment using electrophoretic actuation setting the tension to 

25, 50 and 100 V, which corresponded to migration velocities    of 0.12, 0.25 and 0.60 mm/s (not 

shown). We noted that (i) the normalized electrophoretic dispersion coefficient       was much 

greater than 1 and in the range of 3,000 to 40,000, and (ii)       increased with DNA electrophoretic 

velocity (Fig. 3B). This onset in dispersion was qualitatively consistent with the process of band 

broadening in gel electrophoresis, which is characterized by a power-law variation of the diffusion 

coefficient with the electric field associated to an exponent of 1.5 at high electric field 
2,34

. Indeed, 

using the plateau value of the normalized diffusion coefficient in Fig. 3, we measured a power-law 

scaling exponent of 1.47 for the diffusion vs. electric field response (Supplementary Fig. S2). 

Additional mechanisms, including e.g. Joule heating, may be invoked to account for electrophoretic 

band broadening, but they are not the scope of the current study. Rather, our comparison of band 

broadening in electrophoresis, hydrodynamics, and free-diffusion showed a diffusion coefficient that 

spanned more than six decades, suggesting the existence of a broad parameter space domain for 

diffusion in electrohydrodynamic migration.  
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Diffusion with constant electro-hydrodynamic actuation 

 

Figure 4: Electrohydrodynamic diffusion with constant actuation settings. (A) The plot in the left shows the diffusion 
coefficient normalized to    as a function of the position of the band along the channel. The three graphs in the right 

correspond to raw datasets of the spatial intensity distribution of one DNA band imaged at two consecutive time points 
separated by 200 ms. Note that peak intensity increases with the pressure because the mass of DNA accumulated during 
the concentration phase builds up with the flow rate 

19
. (B) Same dataset as in (A) with a constant pressure and different 

settings for the voltage, as indicated in the legend. For the raw intensity distribution plots in the right, we use the same 
time interval of 200 ms for the two graphs at the top, but change it to 1 s for the lower one. 

 

We then focused on electro-hydrodynamic migration and monitored the breadth of the 600 bp 

band after ~600 µm of migration in the separation channel. We first performed a set of experiments at 

a constant electric field associated to a voltage of 20 V (equivalently            ) after a 

concentration phase of 10 s at 150 V. The pressure was modulated in the range of 1, 2 and 3 bar, 

equivalently the average migration velocity    was 0.8, 1.7, and 2.7 mm/s (Fig. 4A). We first 
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measured that the speed of the DNA band     of 0.36, 0.66 to 1.04 mm/s for the three pressure 

settings, and noticed that the ratio        decreased from 0.45 to 0.38 as the flow rate increased. This 

result was explained by the onset of the viscoelastic transverse force with    (Eq. (7)), which 

enhanced the degree of confinement of the molecules near the walls. On the contrary, the normalized 

diffusion coefficient appeared to be roughly constant and equal to 10
5
 for the three pressure settings. 

This value was bounded between our electrophoretic and hydrodynamic measurements of 10
3
 and 10

6
, 

respectively. Furthermore, the constant value of the diffusion coefficient was in excellent agreement 

with the prediction of our model of electrohydrodynamic migration (Eq. (11)), in which band 

spreading is predominantly piloted by the electric field. Notably, in contrast to our measurements with 

hydrodynamic actuation (Fig. 3A), we measured a constant diffusion coefficient in space. This result 

implied that despite the use of hydrodynamic flow, the diffusive process was at steady-state. This 

result could be explained by the confinement of the molecules near the walls, which set valid 

conditions for the Taylor dispersion regime. Indeed, the migration time       was on the order of 1 s 

for  =1 mm and             . The time scale of transverse diffusion is much shorter than with 

hydrodynamic actuation, because molecules are confined in a spatial region delimited between z=0 

and        (see definition in Eq. (8)). Taking the values of   ,    , and    at 2 bar and 20 V of 1.7, 

0.7 and 0.1 mm/s, respectively, we deduced that     was ~0.2 µm from Eq. (9), and that the transverse 

diffusion time         was on the order of tens of ms. We thus concluded the time scale of transverse 

fluctuation was much shorter than the migration time, and confirmed that Taylor dispersion regime 

was relevant to this study.   

We finally measured the normalized diffusion coefficient at a constant pressure of 1 bar and 

using three different settings for the electric field associated to voltages of 10, 20, and 50 V (Fig. 4B). 

We again noted that the band velocity     of 0.55, 0.36, and 0.15 mm/s decreased more than the mere 

subtraction of       of 0.65, 0.6, and 0.45 mm/s, respectively, due to the build-up in transverse 

viscoelastic force with the electrophoretic actuation (see Eq. (7)). Furthermore, as in the previous 

experiment, the diffusion coefficient was roughly stationary in space, but contrariwise it appeared to 

change dramatically with the electric field. It was indeed divided by a factor of 18 from 3.3 10
5
 down 

to 1.8 10
4
 as we set the voltage to 10 and 50 V, confirming the strong dependence of the diffusion 

coefficient with the electrophoretic force predicted by Eq. (11). More quantitatively, we measured the 

power law scaling exponent of the diffusion coefficient vs. electrophoretic velocity of ~-1.6, and 

confirmed its qualitative agreement with the exponent -2 derived from our model. Consequently, our 

data corroborated our analytical model of diffusion during electrohydrodynamic migration, and also 

showed that the band dispersion was tunable and controlled by the electric field.  

 

Minimization of band broadening with the temporal modulation of the electric field 
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Because separation experiments were carried out with an electric field that decreased linearly 

with time (Fig. 2), we finally assayed band broadening by applying different ramps of electric field 

spanning -10 to -5 V/s. In these settings, the diffusion coefficient varied in the time course of the 

migration, so we chose to report the breadth of the band after 1.3 mm of migration (Fig. 5). The band 

width was 3 times narrower for a slope of -10 V/s as compared to -5 V/s with a constant 

hydrodynamic velocity of             (Fig. 5A). Conversely, changing the hydrodynamic 

velocities by three-fold for a given slope of -6.5 V/s marginally changed the band breadth (Fig. 5B). 

This data generally confirmed that diffusion was primarily controlled by the electric field and 

marginally by the flow velocity, as studied in the previous section (Fig. 4). This statement was 

strengthened by solving numerically the breadth of the band. Indeed, the migration velocity (Eq. (9)) 

and diffusion coefficient (Eq. (11)) could be extracted from the model, and then integrated to obtain 

the solution of Fick equation (Eq. (5); see details in Supplementary Material). The resulting data was 

consistent with our data, as shown by the dashed line in Fig. 5A and 5B, thereby comforting our 

comprehension of dispersion during viscoelastic electrohydrodynamic migration. From an analytical 

perspective, this study also showed that a rapid decrease of the electric field was more suitable to 

reduce band broadening. 

 

Figure 5: Electrohydrodynamic diffusion with a linear ramp in electric field. (A) The plot shows the FWHM of the 600 bp 
band after 1.3 mm of migration using four slopes for the electric field and setting the flow velocity set to 1.5 mm/s. The 

dashed line corresponds to the numerical solution of our model, which is described in Supplementary Material. (B) The plot 
represents the FWHM of the 600 bp band for a given slope of -6.5 V/s and three pressure settings, together with the 

prediction of the model. 

 

Comparison of the electric actuation strategies 

We finally wished to compare band broadening using constant or temporally-variable electric 

fields.  Our thrust was to (i) identify optimal actuation strategies for the reduction of dispersion during 
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separation experiments, and (ii) recapitulate the DNA separation data shown in Fig. 2. We 

characterized the profile of the 600 bp band after 1 mm of migration with four actuation settings based 

on electrohydrodynamics or hydrodynamics (Fig. 6). Migration at 2 bar was associated to a velocity of 

            in the separation channel (green dataset in Fig. 6). Spreading in this situation was 

expectedly maximal, as inferred from the width of the band of ~500 µm after 1 s. We then used a 

constant electric field associated to a voltage of 20 V (equivalently            , dark blue dataset 

in Fig. 6). The use of a constant electric field slowed down the migration that was characterized by a 

velocity of              , as well as narrowed down the band width to ~110 µm. Notably, the 

asymmetry of the band profile with these actuation settings was due to the inhomogeneous boundary 

conditions near the lateral walls of the rectangular separation channels (Supplementary Fig. S3).   

We subsequently assayed band broadening with an electric field variable over time using a 

sharp slope of -15 V/s starting from a voltage of 150 V (cyan dataset in Fig. 6). The convection over a 

distance of 1 mm took 11 s. Yet, given the slope of 15 V/s, the electric field was null during the last 

second of the migration, accounting for the rapid hydrodynamic-driven migration of the band during 

the last 1.5 s (the band travelled over ~600 µm travelled in 1.5 s vs. 200 µm using a constant electric 

field). Interestingly, whereas the band profile was peaked after 9.5 s with a FWHM of 95 µm, the 

prevalence of hydrodynamics rapidly broadened up its width to ~300 µm after 11 s. This observation 

clarified our separation data shown in Fig. 2, and more specifically the sharp dependence of the 

theoretical plate number with the slope of the electric field. Indeed, as shown in Fig. 2A, optimal 

separations were obtained for the concomitant passage of the band in front of the detector and 

vanishing of the electric field. Given that band broadening decreased as the slope of the electric field 

increased (Fig. 5A), separation optimization appeared to be a trade-off between the sharpest slope and 

a non-vanishing electric field as the band reached the detector.     

Finally, we aimed to show that electrohydrodynamic actuation enabled to finely control band 

broadening. We chose to use the same linear slope of 15 V/s and stopped it at 20 V in order to 

maintain transverse viscoelastic forces throughout the migration (purple dataset in Fig. 6). Note that 

this strategy was already tested successfully for high MW DNA separation in capillary format 
18

. The 

passage time was significantly expanded to 16 s, corresponding to a lag of ~8 s with a sharp decrease 

of the electric field and slow migration, followed by 8 s of migration under constant 

electrohydrodynamic settings (as in the dark blue dataset). The migration velocity in front of the 

detector was expectedly similar to that measured with a constant electric field (compare purple and 

dark blue datasets). Interestingly, this actuation strategy yielded the sharpest band after 1 mm of 

migration with a FWHM of 79 µm, i.e. an increase of 24 µm compared to the initial breadth of 55 µm 

during the concentration phase (see calibration of   ). The comparison of the dark blue and purple 

datasets also showed that the broadening of the band during the last 1.5 s was comparable with or 

without slope, in agreement with the fact that electrohydrodynamic actuation is identical during this 
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time period. Altogether, this experiment demonstrated that the temporal control over the electric field 

provided an efficient solution to tune and reduce band broadening during electrohydrodynamic 

migration.    

 

Figure 6: Control of band broadening in electrohydrodynamic migration. The four plots represent the spatial distribution 
of a 600 bp DNA band in the course of its migration with hydrodynamic actuation associated to             (green 

dataset) or electrohydrodynamic actuation with a constant electric field of 20 V (           , blue dataset) or linear 
slope of -15 V/s starting from 150 to 0 V (cyan dataset) and a linear slope of -15 V/s from 150 to 20 V (purple dataset). In 

each graph, two consecutive profiles are reported with their respective times noted in inset. The number in bold 
corresponds to the FWHM of the band after ~1 mm of migration. 

 

CONCLUSION 

In this study, we characterized band broadening in electrohydrodynamic DNA migration and 

confronted our data to a model of diffusion based on Taylor-type arguments. Our key findings are that 

dispersion is mainly controlled by the electric field and in consequence that fine tuning of the electric 
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field over time enables the reduction of band broadening. This data also provides hints to a rational 

explanation of optimal conditions for DNA separation experiments. Taken collectively, these results 

therefore contribute to enhancing the performances of DNA separation platforms based on 

electrohydrodynamic actuation. Future lines of research include the integration of a DNA migration 

model with that of band dispersion so as to obtain a complete in silico toolbox that can be tested and 

validated for additional optimizations. Accordingly, whether or not a linear variation of the electric 

field over time is an optimal strategy for band broadening minimization remains to be elucidated. It 

should also be clarified whether this model can be adapted to other types of targets in the form of 

single stranded nucleic acids, e.g. RNA, or particles. In the latter case, many studies have addressed 

the physics of particle focusing in Poiseuille flows 
40,41

, and recent interest has emerged for micro-

organism separation 
42

, but dispersion remains to be studied and modelled, potentially with the same 

types of arguments based on the Taylor model. 
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Width of the DNA band with an electric field linearly decreasing over time 

Let us first evaluate the passage time    in front of the detector. For this, we invert the 

migration velocity knowing the distance to the detector   : 
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The electrohydrodynamic velocity is given by (Eq. (9)) and we define the slope   of the 

decrease of the electric field as :  
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Integration of Eq. (S2) leads to the following polynomial equation, that can be solved 

numerically to determine   : 
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The width of the band is finally determined using Eq. (11) according to: 
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These equations are solved numerically with the following set of parameters: kB = 6 10
-

23
 J/K; T = 300 K ; a = (N_bp/300)*lk = 200 nm ;   = 0.5 10

-3
 s ;   = 30 10

-3
 Pa.s ; H = 2 10

-6
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m ; Lp = 1.3 mm ; Uh = 1.7 10
-3

 m/s ;   =0.05 mm. The value of U0 is computed from the 

conditions of arrest at t=0 (Eq. S2), yielding U0=800 µm/s. 
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Figure S1: The plot presents the half-spatial intensity distribution of a 600 bp DNA band. Spreads is due to Brownian 
dispersion. Each dataset is fitted with a Gaussian function (solid lines).  

 

 

 

Figure S2: The plot presents the steady value of the normalized electrophoretic diffusion coefficient, inferred from Fig. 3, as 
a function of the electric field. The solid line is a fit of the data associated to a power-law scaling response of 1.47, given 

that the normalized diffusion coefficient is set to 1 at zero electric field. 
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Figure S3: The two fluorescence micrographs present the migration of a DNA band with a constant electric field of 20 V and 

a pressure of 2 bar. The time interval between the two images is 5 s. The band appears to “leak” near the side walls. This 

result is due to the boundary conditions for a rectangular channel of 10 µm in width and 2 µm in height. The flow velocity 

field is slowed down near the walls over a distance of ~1 µm. The electric field is thus comparatively higher in this region, 

and the band migration is further slowed down.  


