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Influence of Lift Forces on Particle Capture on a Functionalized Surface

Numerous situations involve the capture of particles onto a functionalized surface in a laminar flow, such as classical biomedical assays, lab on a chip devices or even biological research protocols. Being able to control this capture is thus an important issue that we address in this paper. We focus on a simple and widely used geometry, the straight microfluidic channel, in which particles undergo two weak effects: diffusion towards the functionalized surface and lift forces expelling them away from it. We show that the competition between these two weak mechanisms yields strongly different capture behavior whose ocurence depends on the value of a new lifto-diffusive dimensionless number N LD . We show that tuning the flow rate and the channel dimension to get proper values of this number allow to trigger, via a pure hydrodynamic effect, the capture or non-capture of particles on surfaces. For example, we show that, under 1 ACCEPTED MANUSCRIPT -CLEAN COPY certain conditions, doubling the flow rate reduces the capture rate by four orders of magnitude. Additionally, we provide the particle distribution in the liquid along the channel, resulting from this competition, for different N LD values. We believe that this work opens new perspectives for analysis and biotechnology applications. More precisely, the proposed model should extend to any transverse force that can be written in the form of a potential energy.

Introduction

The capture of microparticles or nanoparticles onto functionalized surfaces is a critical step in many bioanalysis protocols: nanoparticle tagging [START_REF] Ni | A novel technique for in situ aggregation of Gluconobacter oxydans using bio-adhesive magnetic nanoparticles[END_REF][START_REF] Guo | LRET-based biodetection of DNA release in live cells using surface-modified upconverting fluorescent nanoparticles[END_REF][START_REF] Van Der Maaden | Fluorescent Nanoparticle Adhesion Assay: a Novel Method for Surface p K a Determination of Self-Assembled Monolayers on Silicon Surfaces[END_REF][START_REF] Burris | Fluorescent nanoparticles: Sensing pathogens and toxins in foods and crops[END_REF], detection of cancer cells [START_REF] Nunna | Detection of cancer antigens (CA-125) using gold nano particles on interdigitated electrode-based microfluidic biosensor[END_REF][START_REF] Tulukguoglu | A microfluidic CTC sorting strategy using self-assembled magnetic particles[END_REF][7],

or even immunoassays on chip [START_REF] Teste | Microchip integrating magnetic nanoparticles for allergy diagnosis[END_REF][START_REF] Chen | Antifouling surface layers for improved signal-to-noise of particle-based immunoassays[END_REF][START_REF] Teste | A chemometric approach for optimizing protein covalent immobilization on magnetic core-shell nanoparticles in view of an alternative immunoassay[END_REF][START_REF] Teste | Kinetic analyses and performance of a colloidal magnetic nanoparticle based immunoassay dedicated to allergy diagnosis[END_REF] . However, the theoretical laws predicting the number of objects that adhere to such surfaces are not specifically designed for particles [START_REF] Kuzmichev | Absolute analysis of nanoparticle suspension with surface plasmon microscopy[END_REF][START_REF] Adamczyk | Kinetics of localized adsorption of colloid particles[END_REF][START_REF] Lemineur | Optical Nanoimpacts of Dielectric and Metallic Nanoparticles on Gold Surface by Reflectance Microscopy: Adsorption or Bouncing[END_REF], but rather for molecules [START_REF] Squires | Making it stick: convection, reaction and diffusion in surface-based biosensors[END_REF][START_REF] Amatore | Theory and experiments of transport at channel microband electrodes under laminar flows. 1. Steady-state regimes at a single electrode[END_REF]. A major difference between a particle and a molecule, in addition to a lower diffusion coefficient, is that the first one is subjected to flow effects such as lift forces that modifies the particle concentration profile in the cross-section of a channel [START_REF] Segré | Behaviour of macroscopic rigid spheres in Poiseuille flow Part 1. Determination of local concentration by statistical analysis of particle passages through crossed light beams[END_REF][START_REF] Segré | Behaviour of macroscopic rigid spheres in Poiseuille flow Part 2. Experimental results and interpretation[END_REF][START_REF] Schonberg | Inertial migration of a sphere in Poiseuille flow[END_REF][START_REF] Yahiaoui | Lift on a sphere moving near a wall in a parabolic flow[END_REF][START_REF] Matas | Lateral forces on a sphere[END_REF][START_REF] Mutlu | Oscillatory inertial focusing in infinite microchannels[END_REF]. Neglecting these lift effects obviously leads to a bias in the interpretation of the experimental data.

In this paper, we propose to describe the role of the lift forces in the capture efficiency of microparticles on a functionalized surface. These hydrodynamics forces are generally considered in fluid mechanics occurring at Reynolds numbers Re = UmH ν > 1 (where U m is the maximum liquid velocity, H is the channel height and ν is the liquid kinematic viscosity) [START_REF] Callens | Particle sorting in a mini step-splitflow thin channel: influence of hydrodynamic shear on transversal migration[END_REF][START_REF] Nieuwstadt | Microfluidic particle sorting utilizing inertial lift force[END_REF][START_REF] Zhou | Fundamentals of inertial focusing in microchannels[END_REF]. These forces result from two mechanisms: the first comes from the shape of the flow, i.e. the shear, which pushes the particles towards the walls [START_REF] Schonberg | Inertial migration of a sphere in Poiseuille flow[END_REF]; and the second mechanism comes from the particle-wall interaction which tends to move the particles away from the walls [START_REF] Yahiaoui | Lift on a sphere moving near a wall in a parabolic flow[END_REF]. The resultant of these forces leads to a focusing of the particles at specific distances from the walls which have been analyzed theoretically in agreement with experimental and numerical observations [START_REF] Cherukat | The inertial lift on a rigid sphere in a linear shear[END_REF][START_REF] Krishnan | Inertial lift on a moving sphere in contact with a plane wall in a shear flow[END_REF][START_REF] King | Jr Measurement of the inertial lift on a moving sphere in contact with a plane wall in a shear flow[END_REF][START_REF] Cherukat | A computational study of the inertial lift on a sphere in a linear shear flow field[END_REF]. However, these lift effects, even weak, ACCEPTED MANUSCRIPT -CLEAN COPY may play a role at low Reynolds numbers in straight channels, a geometry commonly used in microfluidic applications. In this paper, we will show that it is the competition between lift forces and diffusion that sets the particle capture efficiency.

By presenting a comprehensive approach, including experiments, numerical simulations and a model, we show that the critical effect of lift forces leads to a reduced capture rate by focusing particles far from the functionalized surface. We introduce a dimensionless parameter that compares the relative importance of diffusion and lift forces, called the Lifto-Diffusive Number N LD , that is the relevant parameter allowing to fully describe the problem.

Using an energetic approach, the particle concentration profile is derived. Based on this knowledge of the concentration profile, we propose a model that predicts the capture rate in term of the N LD number. This model reproduces the experimental data without any fitting parameters. Two capture regimes are observed. The first regime optimizes particle capture, while in the other one hydrodynamics hides the possible chemical short-range particle-surface interaction and then prevents capture. The actual regime can be modified by changing the value of N LD , which corresponds, for a given channel, to changing the value of the flow rate. Being able to predict and to tune the regime in which an analytical device is operating will be a powerful tool to ensure its efficiency. This can be exploited to either optimize the capture efficiency of particles on sensors or to cancel particle capture.

Experiments

Experimental System

The capture system is sketched on Figure 1: a channel of width W c ∈ [0.5 ; 2] mm and height H ∈ [50 ; 75] µm, filled with deionized, DI, water, of density ρ = 10 3 kg/m 3 and of dynamic viscosity η = 10 -3 Pa s, with ν = η/ρ. The microfluidic channel is manufactured using classical soft-lithography and PDMS techniques [START_REF] Xia | Soft lithography[END_REF]. The channel is then sealed over the glass slide using a mechanical pressure via a home-made clamping system. An injection flow Note that for the highest flow rate, the deformation of the cavity is estimated to be lower than 1.5%, this effect will thus be disregarded. DI water is loaded with polystyrene particles of density ρ p = 1.03 10 3 kg/m 3 , diffusion coefficient D and radius a ∈ [0.5 ; 2.5] µm H at a concentration c 0 ∈ [5 10 12 ; 5 10 15 ] m -3 (micromod Partikeltechnologie GmbH), which corresponds to an average inter-particle distance between 8 to 60 diameters. COOH groups are grafted on particles surface, whose deprotonation in water exhibits COO-negative surface charges. The capture surface is obtained by depositing gold (Au) over an area of prescribed size W s × L on a glass substrate using conventional microfabrication techniques (Au-Ti PECVD and lift-off). The thickness of the deposited gold layer of 200 nm is much smaller than the thickness of the channel, so that the flow is not disturbed by the sensor surface. The glass slide is then dipped into a 0.2% w/v PolyEthyleneImine aqueous solution (PEI, Sigma-Aldrich) during 2 minutes [START_REF] Lemineur | Optical Nanoimpacts of Dielectric and Metallic Nanoparticles on Gold Surface by Reflectance Microscopy: Adsorption or Bouncing[END_REF]. A monolayer of PEI auto-assembles on the Au surface, exhibiting positive surface charges [START_REF] Song | Gold nanoparticles capped with polyethyleneimine for enhanced siRNA delivery[END_REF]. Thus, particles can adhere on the capture surface due to opposite surface charges, guaranteeing that the capture is not limited by any reaction at the surface. The coating ensures that the electrostatic interactions take place only on the capture surface, which has been observed experimentally as no capture events were observed ACCEPTED MANUSCRIPT -CLEAN COPY outside of the gold surface.

NaCl (SigmaAldrich) is added to the solution at a concentration of 10 -2 M, reducing the electrostatic interactions range to 3 nm [START_REF] Israelachvili | Intermolecular and surface forces[END_REF]. The capture surface is of width W s ∈

[50 ; 270] µm and length L ∈ [50 ; 250] µm and is located in the middle of the floor of the channel. As H W c and W s < W c -2H, a 1D Poiseuille flow profile over the capture surface is further assumed and corner effects can be disregarded. In a first step, the microfluidic device is filled with DI water. Then, at t = 0, the solution containing the particles is injected at a constant flow rate for the whole duration of the capture experiment. The capture of particles on the gold surface is tracked using a Pixelink PL-B625 video camera mounted on a Karl Suss reflective microscope. As light is reflected only on the gold surface, the particles sticking on it appear as black spots on a white background [START_REF] Lemineur | Optical Nanoimpacts of Dielectric and Metallic Nanoparticles on Gold Surface by Reflectance Microscopy: Adsorption or Bouncing[END_REF]. The number of captured particles N p with time is thus measured by image treatment with ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF][START_REF] Rueden | ImageJ2: ImageJ for the next generation of scientific image data[END_REF] and the capture rate J = dNp dt is inferred.

Experimental Capture of Particles by a Functionalized Surface

A typical experiment consists in counting the number of particles, originally present in a solution of concentration c 0 flowing at a flow rate Q, that adsorb onto a micrometric large Au functionalized surface. The sensing reaction is modelled by the electrostatic interaction which is developped between a COO-terminated PS beads and a PEI, NH3+ terminated, coated Au surface. The experimental capture rate J = dNp dt , i.e. the number of particles adsorbing on the total capture surface per unit of time, is obtained by performing a linear regression in the stationary state (see Figure 2). Note that the initial behavior of the curve probably comes from a dilution effect. Indeed, at the time of particle injection, the advancing front of the solution containing the particles is subject to the Taylor-Aris dispersion and is most certainly responsible for the initial behavior of the curve. For this reason, we only consider the stationary state and disregard this transient behaviour. Desorption events have not been observed. DWcH 2 . The Péclet number is used to determine whether a particle convected above the sensor by the flow has time to diffuse towards the sensor. To do this, the Péclet number is built on the ratio between a diffusion time and a convection time. Generally, the diffusion time is taken on the height of the channel, [START_REF] Squires | Making it stick: convection, reaction and diffusion in surface-based biosensors[END_REF]. In a way, this Péclet number defines the range of influence of the sensor, if Pe S < 1, the depletion thickness is larger than the length of the sensor (diffusion upstream of the sensor can take place) but still smaller than the channel height; on the other hand for Pe S > 1, this depletion thickness is thinner than the length of the sensor. In our experiments both Pe H and Pe s are greater than one, an experimental configuration representative of a large number of experiments in bioassays [START_REF] Zebda | Electrochemical performance of a glucose/oxygen microfluidic biofuel cell[END_REF][START_REF] Branagan | Enhanced mass transport of electroactive species to annular nanoband electrodes embedded in nanocapillary array membranes[END_REF][START_REF] Sansuk | Ultrasensitive detection of dopamine using a carbon nanotube network microfluidic flow electrode[END_REF].
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τ D = H 2 /D,
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Up to our knowledge, the only universal theory concerns the case of molecule capture which is usually extended to nano and microparticules. Indeed, electrochemists have extensively studied the problem [START_REF] Amatore | Theory and experiments of transport at channel microband electrodes under laminar flows. 1. Steady-state regimes at a single electrode[END_REF][START_REF] Newman | The Fundamental Principles of Current Distribution and Mass Transport in Electrochemical Cells in Electroanalytical Chemistry[END_REF][START_REF] Alden | Hydrodynamic voltammetry with channel microband electrodes: Axial diffusion effects[END_REF][START_REF] Compton | Hydrodynamic voltammetry with microelectrodes: channel microband electrodes; theory and experiment[END_REF][START_REF] Ackerberg | The heat/mass transfer to a finite strip at small Péclet numbers[END_REF][START_REF] Rees | Voltammetry under high mass transport conditions. The high speed channel electrode and heterogeneous kinetics[END_REF][START_REF] Parant | Complete study of a millifluidic flow battery using iodide and ferricyanide ions: modeling, effect of the flow and kinetics[END_REF] which has been rationalized by Squires et al. [START_REF] Squires | Making it stick: convection, reaction and diffusion in surface-based biosensors[END_REF]. In the framework of this theory, the collection regime for Pe H , Pe S 1 falls into what the authors call the partial collection regime. In this case, the capture rate is given by

J 0 = 1.468 Dc 0 W s Pe S 1/3 [ 16]
, displayed as a solid line on Figure 3. While part of the experiments seems to be properly described by the convection-diffusion theory, most of the capture rates are way smaller than J 0 . In light of this experimental result, additional effects have to be considered as we deal with particles instead of molecules. We address this issue in the following section. 

convection-d iffusion
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Results and Discussion

Relevant Dimensionless Parameters

From a purely hydrodynamic point of view, particles in a Poiseuille flow are submitted to lift forces that develop transversely to the main direction of the object trajectory. Such additional forces, in a laminar flow, have been extensively studied since the first experiments of Segré and Silberberg [START_REF] Segré | Behaviour of macroscopic rigid spheres in Poiseuille flow Part 1. Determination of local concentration by statistical analysis of particle passages through crossed light beams[END_REF][START_REF] Segré | Behaviour of macroscopic rigid spheres in Poiseuille flow Part 2. Experimental results and interpretation[END_REF]. In their experiments, they injected a suspension of particles in a tube and observed that, at the end of the tube, the particles were all localized on a circle in a cross-section. We suspect these forces to come into play in our experimental system, by moving particles away from the walls of the channel. By emptying the vicinity of the capture surface from particles, lift forces reduce drastically the capture rate. Lift effects emerge due to the inertia of the liquid at finite Reynolds number, leading to a global force pushing the particles towards the walls [START_REF] Schonberg | Inertial migration of a sphere in Poiseuille flow[END_REF]. Extensive computations show that an additional lift force expels the particle away from the wall [START_REF] Yahiaoui | Lift on a sphere moving near a wall in a parabolic flow[END_REF]. Equilibrium is reached when these two opposite forces are of same magnitude giving rise to the particle focusing at equilibrium positions, in the solution and far from the sensor surface. More formally, Schonberg and Hinch derived a theoretical model [START_REF] Schonberg | Inertial migration of a sphere in Poiseuille flow[END_REF]. Their approach consists in studying the Poiseuille flow perturbed by the presence of particles. More technically, the authors employ a singular perturbation expansion of the Oseen equation in which the inertial and viscous terms are of the same order of magnitude. The size of the particles is small enough that the perturbation is small, so the convective term can be linearized. The boundary conditions are two parallel plates and an adhesion condition on the particle. Their numerical solution can be fitted by:

v z Lift (z) = v * (2.18 z -21.23 z3 ) = v * f (z) where z = z/H, v * = 9 4 a 3 Q 2 νW 2
c H 4 is the characteristic lift velocity, at least for Re < 15 above which it shows a slight dependence in Re which we will not discuss. The function f (z) = 2.18 z -21.23 z3 is plotted on Figure 4a and exhibits two stable equilibrium points at z ±0.32. Consequently, in a system where there is no diffusion, all the particles are laterally displaced by the lift force up to one of these two ACCEPTED MANUSCRIPT -CLEAN COPY focusing positions.

The lift force is computed considering that it is balanced by the viscous drag force 6πηav:

F Lift = 6πηa v z Lift (z) = F * f (z) (1) 
where

F * = 6πηav * = 27π 2 a 4 ρQ 2 H 4 W 2 c
is the characteristic lift force amplitude. In order to model the particle distribution on a cross-section of the channel, we propose to give a statistical representation of this distribution. Thus, the potential energy profile created by the lift force at any location z ∈ [-H/2, H/2] can be computed using

E p = - z 0 F Lift (u)du = E * p g(z)
with (Black solid line) Theoretical convection-diffusion capture rate from Amatore et al [START_REF] Amatore | Theory and experiments of transport at channel microband electrodes under laminar flows. 1. Steady-state regimes at a single electrode[END_REF].

E * p = F * H = 27π
We thus introduce another dimensionless number based on the ratio between the time required for a particle to move up to the focusing localizations t Lift ∼ H/v * (the time required to deform the concentration profile from a homogeneous to a bimodal one), to the time necessary for a particle to diffuse on the height of the channel t Diff ∼ H 2 /D (the time required to recover a homogeneous concentration profile). This number is further called the Lifto-Diffusive Number.

N LD = t Diff t Lift = 27π 2k B T Q 2 ρa 4 W 2 c H 3 = E * p k B T (2) 
where k B is the Boltzmann constant and T is the absolute temperature, which stems from the Einstein formula D = k B T 6πηa . This number is a Péclet-like number explicitly written in term of the transverse lift velocity.

For N LD 1, diffusion is much faster than the lift focusing and the profile is expected to be homogeneous. Oppositely, for N LD 1, the particles are attracted at the focusing
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points way faster than they can diffuse out of it. For intermediate values of N LD , both contributions must be taken into account leading to a continuum of concentration profiles between the two extreme cases.

Particle Concentration Profile under Lift Forces

We now turn to the derivation of the equilibrium particle concentration profile under lift forces and diffusion in a channel without considering any capture surface. Particles are considered in a diluted regime, i.e. particles do not interact between them, neither from short range electrostatic forces, nor via hydrodynamic interactions. This assumption is checked experimentally by verifying that, for a given set of experimental parameters, the capture rate varies linearly with the particle concentration. A Maxwell-Boltzmann distribution is thus used to predict the equilibrium concentration profile.

This distribution is commonly used to describe the thermodynamic state of a population of objects that do not interact one with each other and are submitted to thermal diffusion, typically used to describe the kinetic theory of gases. In our system, the particles do not interact with each other and are subject to diffusion and lift forces. We make the assumption that this gas of particles in a carrier fluid of viscosity η can be described by this statistic. In this case, the concentration profile c(z) results from the competition between the lift energy

E p (z) = E * p g(z) = N LD k B T g(z)
and the thermal energy k B T , thus the Maxwell-Boltzmann distribution writes in this framework:

c(z) = c 0 exp -Ep(z) k B T 1 2 -1 2 exp -Ep(u) k B T du = c 0 exp (-N LD g(z)) 1 2 -1 2 exp (-N LD g(u)) du (3) 
As such, the concentration only depends on N LD and z. Figure 4c presents concentration profiles at equilibrium for different N LD values. For N LD 1 the concentration profile tends to be homogeneous, while for N LD 1 the concentration profile tends to be bi-modal, which is in agreement with the discussion on the significance of the Lifto-Diffusive Number. These
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results are supported by Lagrangian simulations that agree quantitatively with the analytical model, illustrating the relevance of using the Maxwell-Boltzman distribution. Technical details of these simulations can be found in the supporting information, SI (see section S1).

The numerical tool, LiDi, that we have developed to obtain these profiles is available at http://lidi.ens-rennes.fr/download. This tool has other functionalities, detailed in SI (see section S2).

Particle Capture Law under Lift Forces

As the concentration profile in a channel without capture surface is now established, we now turn to the prediction of the particle capture law in a channel by introducing a capture surface. In this work, we recall that the capture is not limited by any reaction at the surface.

The reference capture rate J 0 = 1.468 DW s Pe 1/3 S c 0 corresponds to a homogeneous concentration profile upstream of the capture sensor. Taking lift into account (N LD > 1), the region near the walls (z ±1/2) upstream of the capture surface is depleted from particles.

The bulk concentration c 0 thus have to be amended by the actual particle concentration c 1 entering the vicinity of the capture surface, c 1 = c (z = -1/2) = ξc 0 , where :

ξ = c z = -1 2 c 0 = exp (-0.059 N LD ) + 1 2 u=-1 2 exp (-N LD g(u)) du (4) 
ξ thus corresponds to a multiplicative factor to the convection-diffusion theory.

J = 1.468 DW s Pe S 1 3 c 1 = ξJ 0 (5) 
The experimental results represented as points on Figure 6 present the capture rate ratio J exp /J 0 as a function of N LD , while the model J/J 0 = ξ is sketched as a solid line.

Remarkably, the model fits the experimental results without any fitting parameter, showing that the discrepancy from a purely convection-diffusion problem stemming from lift forces is relevant. While in the N LD < 1 the capture rate is stable, making it perfect for classical capture application, in the N LD > 1 region the capture rate falls sharply. For example, simply doubling the flow rate, going from N LD = 30 to N LD = 120, divides the capture rate by 15 000. This abrupt evolution can have dramatic consequences on the capture rate.

Experimentally, one can also compute Q c = Q(N LD = 1), the critical flow rate above which lift effects appear in a system: 

Q c = 2k B T W 2 c H 3 27πρa 4 (6) 
ξ exp (-0.096 N LD ) (7) 
ACCEPTED MANUSCRIPT -CLEAN COPY

Transient Regime Analysis

We have so far studied the equilibrium concentration profiles (Figure 4c). However, the concentration profile evolves from a homogeneous profile at the channel inlet, to the equilibrium profile. As the liquid velocity is z-dependent, the corresponding equilibrium distance is also z-dependent [START_REF] Matas | Lateral forces on a sphere[END_REF]. Figure 7 depicts the Lagrangian simulations at different locations along the flow, together with the analytical equilibrium profile. If we consider that the particle depleted zone due to lift forces is located on a distance h(x) from the wall, defined as the liftinduced depletion thickness (sketched on Figure 8), the equilibrium time needed to deplete this zone is typically

t h v * , where v * = 9 4 a 3 Q 2 νW 2
c H 4 is the typical transverse lift velocity. During the same time, the particle moves over a typical distance

x = v x t Qh WcH 2 t WcH 2 ν a 3 Q h 2 .
The lift-induced depletion thickness is thus given by:

h(x) a 3 Q W c H 2 ν x 1/2 (8) 
Importantly, it is not necessary to reach equilibrium for the theory for particle capture to be valid. Indeed, equation [START_REF] Teste | Microchip integrating magnetic nanoparticles for allergy diagnosis[END_REF] clearly shows that the equilibrium concentration profile near the capture surface (h 0) is reached instantly (theoretically x 0 and experimentally x 2a), consistently with the Lagrangian simulations, see Figure 7. This fundamental property shows that it is not necessary to reach equilibrium for lift effects to affect capture on a surface.

From a practical point of view, even if total equilibrium is reached after several tens of centimetres, lifto-diffusive equilibrium near the walls is reached at the channel inlet. The model is therefore valid regardless of the position of the capture surface along the channel.

Short Range Attractive Interactions

The model considers that the particles do not undergo attractive or repulsive interactions.

However, it may happen that short range interactions, such as attractive electrostatic ones, come into play and modify the above analysis [START_REF] Israelachvili | Intermolecular and surface forces[END_REF][START_REF] Hamaker | The London-van der Waals attraction between spherical particles[END_REF][START_REF] Li | London-van der Waals adhesiveness of rough particles[END_REF].

ACCEPTED MANUSCRIPT -CLEAN COPY In our experiments, particles are charged negatively and the capture surface is charged positively, thus electrostatic attractive interactions are present. Their amplitude varies with e (-d/λ D ) where d is the distance between two charged surfaces and λ D is called the Debye length [START_REF] Israelachvili | Intermolecular and surface forces[END_REF]. This length varies in water from 1 µm to 1 nm depending on the salt con-

centration (λ D ∝ c -1/2
salt ), and represents the typical range of electrostatic forces. If, at the beginning of the capture surface, the lift-induced thickness h is smaller than λ D , as depicted in domain a of Figure 8, the attractive force acts on out-of-equilibrium particles. In such configurations, the lifto-diffusive theory does not apply. The experiments corresponding to this case are plotted as black circles on Figure 9 and the model underestimates the capture rate. To avoid that, one can either place the capture surface further from the inlet thus leaving more time for the lift-induced thickness to propagate (domain c of Figure 8), or add salt to the solution, thus reducing λ D (domain b of Figure 8). These two cases are successively depicted as blue and orange circle in Figure 3 and fall into the model. 
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Conclusions

In this paper, we report a study of particle capture by a functionalized surface for spherical, diluted, non-deformable particles, subject to both diffusion and lift effect in a Poiseuille flow at low Reynolds number. We show that the relevant dimensionless parameter to describe the problem is the Lifto-Diffusive number N LD . The concentration profile reaches an equilibrium profile whose form depends solely on N LD . For N LD > 1, there is a depletion of particles close to the capture surface reducing dramatically the capture rate. Our experimental results are recovered by this model without any adjusting parameter. We believe that this work can have a significant impact on the development of biosensors or analysis lab on chip using micro/nanoparticles. We also believe that this work opens many perspectives for other fields of application of which we provide some tracks below. First, it is legitimate to ask whether this analysis is also applicable to deformable objects or macromolecules for example. For such objects, the difficulty lies in the definition of the lift force which depends strongly on the shape and the deformation of the object, and for which there is not always a consensus as for ACCEPTED MANUSCRIPT -CLEAN COPY example for deformable objects [46][47][48]. These studies are therefore outside the scope of this study and offer significant prospects for further studies. More generally, this study should extent to any transverse force that can be written in the form of a potential energy (i.e. a force that derives from a position), the theoretical analysis, consisting of equations ( 1) to (4) can be followed in a similar way considering the transverse force. Finally, this study allows us to consider a new way of sorting the particles using the lift forces in a straight channel.

Indeed, this force is to the power of 4 of the particle radius. A factor of 2 on their radius is enough for the lift force to be multiplied by 16. It is therefore quite possible that two populations of particles have very different Lifto-diffusive numbers. In the particular case where one population has a N LD > 1 and the other one a N LD > 1 two different applications can be considered: A first application would be that only the population with N LD > 1 is captured on the surface, the other one being to focus the population with N LD > 1 to recover it specifically thanks to judiciously placing microfluidic outputs.

Figure 1 :

 1 Figure 1: (a) Photograph of the microfluidic system. The capture surface is located at a distance x from the channel inlet.(b) Sketch of the experimental system. The channel, of height H and width W c , contains a functionalized surface of width W s and length L. The flow is in the x-direction of flow rate Q. (c) Example of images recorded by a video camera set up on a microscope during an experiment. Extraction of a 20 by 45 µm area over time.

Figure 2 :

 2 Figure 2: Example of the evolution of the number of captured particles over time. The capture rate J is measured in the stationary regime. The long time signal decay is due to surface saturation.

Figure 3

 3 Figure 3 displays the dimensionless capture rate J Dc 0 Ws obtained in the experiments as a function of the Péclet number Pe S = QL 2DWcH 2 . The Péclet number is used to determine whether a particle convected above the sensor by the flow has time to diffuse towards the

Figure 3 :

 3 Figure 3: Comparison of experimental results with classical convection-diffusion theory. Dimensionless capture rate J Dc 0 Ws as a function of the Péclet number Pe S . (•) Experiments for a capture surface located x = 5 mm downstream from the channel inlet, with [NaCl]=10 -2 M in the particle solution. (•) Experiments for a capture surface located x = 5 cm downstream from the channel inlet with no added NaCl in the particle solution. (Black solid line) Theoretical convection-diffusion capture rate J 0 from Amatore et al. [ 16].

2 a 4 ρQ 2 H 3 W 2 cFigure 4 :Figure 5 :

 223245 Figure 4: Numerical simulations and analytical models for the particle concentration profile in a channel without capture surface, z = z H (a) Dimensionless lift velocity function f (z) = 2.18 z -21.23 z3 . (b) Dimensionless lift potential energy g(z) = -1.09 z2 +5.31 z4 . (c) Particle concentration profile c(z) at equilibrium for different values of N LD obtained: (dashed red line) by the analytical theory, and (blue area) by the sequential Lagrangian simulations.

Figure 6 :

 6 Figure 6: Dimensionless capture rate J/J 0 as a function of the Lifto-Diffusive Number N LD . (Black solid line) Analytical model for ideal non-interacting non-deformable spherical particles in a laminar Poiseuille flow in a rectangular channel. (•) Experiments for a capture surface located x = 5 mm downstream from the channel inlet, with [NaCl]=10 -2 M in the particle solution. (•) Experiments for a capture surface located x = 5 cm downstream from the channel inlet with no added NaCl in the particle solution. Experiments with no particle capture are plotted at the detection limit.

Figure 7 :

 7 Figure 7: Out of equilibrium particle concentration profile for different distances x between capture surface and channel inlet: (a) x = 2.5 cm (b) x = 25 cm (c) x = 100 cm. (blue area) Sequential Lagrangian simulations for N LD = 56, Q = 5 µL/min, a = 500 nm, H = 20 µm and W c = 100 µm. (red dashed line) Equilibrium theoretical profile.

Figure 8 :Figure 9 :

 89 Figure 8: Effect of electrostatic interactions on particle capture. The capture surfaces are sketched in yellow. The range of influence of the electrostatic interactions (the Debye length) is in blue. The flow goes from the left to the right. The solid line represents the lift-induced thickness predicted by equation (8): only a ξ fraction of the particles succeeds to diffuse against the lift forces towards the capture surface within this thickness. (a) The range of influence of the electrostatic interaction is larger than the lift-induced thickness. (b-c). Lifto-Diffusive regime. In both cases the lift-induced thickness is thicker than the Debye length, either due to interaction screening by added salt (b) or by locating the capture surface far away from the inlet (c).

  and the convection time on the average velocity τ c = H 2 W c /Q, giving a Péclet number Pe H ∼ Q/DW c . In the case we are interested in, Pe

H 1 and only the particles contained in a thin layer of thickness δ s , called the depletion length, can be captured. It is then necessary to build a new Péclet number, based on this depletion length, that depends upon shear rate and sensor length, Pe S = QL 2 DWcH 2

Table S1 in

 S1 SI reports the computed values of ξ as a function of the Lifto-Diffusive Number N LD . For practical issues, for N LD ≤ 70, these values can be approximated within 15 % of relative error by:

  Discussion on the capture rate for different values of Pe H and Pe s As stated in the article, our model is only valid for Pe H 1 and Pe S 1. For Pe H 1, diffusion prevails over the whole height of the channel compared to convection. In practice, the flow rate required to reach this regime is so small that the associated N LD 1. We therefore fall back on the Pe H 1 model for which the capture is complete: J = QC 0 . On the other hand, if Pe H 1, as discussed previously in the paper, only the particles contained in the depletion length can be captured and two cases should be considered, depending on the range of influence of the sensor [ 15]. The case Pe S 1 is commonly encountered in bioanalysis and corresponds to the present work. The Pe S 1 case would correspond to very small sensor length (typically below 100 nm) and very low flow rates in order to get such small values of Pe S . This case is out of scope of this paper.
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