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The transport of suspensions of microparticles in confined environments is associated with complex phenomena at the interface
of fluid mechanics and soft matter. Indeed, the deposition and assembly of particles under flow involve hydrodynamic, steric
and colloidal forces, and can lead to the clogging of microchannels. The formation of clogs dramatically alters the performance
of both natural and engineered systems, effectively limiting the use of microfluidic technology. While the fouling of porous
filters has been studied at the macroscopic level, it is only recently that the formation of clogs has been considered at the pore
scale, using microfluidic devices. In this review, we present the clogging mechanisms recently reported for suspension flows
of colloidal particles and for biofluids in microfluidic channels, including sieving, bridging and aggregation of particles. We
discuss the technological implications of the clogging of microchannels and the schemes that leverage the clog formation. We
finally consider some of the outstanding challenges involving clogging in human health, which could be tackled with microfluidic

methods.
1 Introduction

Suspensions of microparticles occupy an important place in
industrial and biological systems as the liquid phase allows the
transport of the solid matter. !¢ Despite the wide use of sus-
pensions of rigid or deformable particles, the understanding of
the processes governing their flow in confined environments
remains limited due to the complexity of particle motion and
interactions. In this review, we are interested in the clogging
transition, i.e., the mechanisms that interrupt the transport of
particles in confined geometries. In some situations, the for-
mation of clogs can be desirable, for instance to reinforce
porous and fractured substrates such as concrete and rocks”8
or for the detection of biological cells.® However, in many ap-
plications clogs decrease the lifetime and efficiency of micro-
engineered systems that are used for the fabrication, transport
and analysis of fluid samples. For example, some microfluidic
processes rely on microparticles to selectively bind to target
molecules or cells, '° to carry chemicals ! or to stabilize emul-
sions. '? Other microfluidic devices are engineered for pure
fluid samples that accidentally get contaminated with impuri-
ties or suspended particles. Similarly, common macroscopic
technological and biological processes involve the micro-flow
of suspensions through complex networks of channels, includ-
ing the filtration of water through porous membranes as illus-
trated in Fig. 1, 13-15 the flow of ink in printersm’17 or the
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Fig. 1 Images of electrospun nanofibrous membranes obtained with
a field-emission scanning electron microscope. 21 (a) Before
filtration and (b) after filtration of a suspension of 1 gum polystyrene
particles. Reprinted with permission from J. Membr. Sci.?!
Copyright 2006 Elsevier.

transport of blood cells within the microvascular system. 820

The flow behavior of a suspension of hard spheres has been
described at low solid volume fraction, below the jamming
transition. 2224 The rheology of a suspension is strongly
dependent on the solid fraction. At low solid fraction, the sus-
pension behaves like a Newtonian fluid whose effective vis-
cosity Uer(¢) increases with the solid volume fraction ¢, and
can be described through the relation

. exp(—2.349)
(1-9/6m)

where Ll is the viscosity of the liquid phase and ¢,, = 0.62.%
However as the suspension becomes dense, the behavior be-

Hett(9) =~ 9]
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comes more complex and there is a solid fraction beyond
which the flow is no longer possible.?®~2® This jamming tran-
sition leads to the clogging of the system.

For particle concentrations below the jamming solid frac-
tion, the formation of a clog is associated with complex local
processes that cannot be captured through continuum rheo-
logical modeling. The description of such clogging processes
has recently been the focus of a body of microfluidic research
based on suspensions of microparticles whose typical diam-
eter ranges between a hundred nanometers and a few micro-
meters. Flows at the micrometer scale are characterized by
low Reynolds numbers, Re = pU{/ 1L, where p and u are the
density and dynamic viscosity of the fluid, respectively, ¢ the
lengthscale (width or height) of the channel and U the fluid
velocity. The flow dynamics in such systems can therefore
generally be described through the Stokes approximation.?’
In addition, the effects of diffusive, advective and colloidal
forces on the particles result in the rich behavior of the sus-
pension and the formation of clogs. The relative magnitude of
Brownian and hydrodynamic effects is captured by the Peclet
number: Pe = 67ruD2U /kpT, where D is the diameter of the
particles, U and u are the velocity and dynamic viscosity of
the fluid, respectively, &, is the Boltzmann constant and 7 the
absolute temperature. For micrometer-scale particles at room
temperature, the critical flow velocity below which the diffu-
sion velocity becomes comparable to the advection is of the
order of 0.1 micrometer per second, which in most systems
is only the case near contact at the wall and can therefore be
neglected. In confined geometries, the combination of long
range, steric and hydrodynamic interactions can lead to the
capture of the particles on the walls of the microchannels. Par-
ticle trapping in low Reynolds number flows is exploited in
industrial and natural processes including in filtration to im-
prove the retention of solid matter.* The deposition of parti-
cles and their subsequent assembly can eventually induce the
formation of a clog, i.e., a single or multi-particle structure
that spans over the cross section of the channel. When such
a blockage occurs, it prevents further passage of the particles
that build up a porous aggregate and reduce dramatically the
flow rate of the fluid.

The early work of Wyss et al. established that microfluidic
is a good method to study confined particle-laden flows and
clogging at the pore scale.?® Microfluidic devices are com-
monly designed using Computer Assisted Drawing (CAD)
software and fabricated through soft lithography techniques
using a clear elastomer, polydimethylsiloxane (PDMS).3! The
simple design of the flow geometry, the low cost of the de-
vices, and the ability to track particles with optical micro-
scopes allow the investigation of canonical configurations to
identify the relevant physical parameters and collect statisti-
cally meaningful data. This review focuses on the mecha-
nisms of clog formation in microfluidic systems, at the pore
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Fig. 2 Different mechanisms responsible for the clogging of
microchannels at a constriction: (a) sieving, (b) bridging and (c)
aggregation of particles. The mechanism(s) involved depend on the
size of the particle compared to the constriction, the concentration of
the suspension and the particle/channel and particle/particle
interactions.

scale. Indeed recent advances in the flow of suspensions in
confined environment rely in large part on the ability to pre-
cisely control the flow at the micrometer scale and monitor
the clogging dynamics at the pore or microchannel level. In
this review, we discuss the formation of clogs in microchan-
nels through the sieving of large particles, rigid or soft (sec-
tion 2), the jamming at constrictions (section 3) and the clog-
ging by aggregation of particles (section 4) in microchannels.
We focus on describing the main features of the three mech-
anisms represented schematically in Figure 2. The important
technological implications of clogging are discussed briefly in
the relevant sections. While our review is focused on the mi-
crofluidic advances in the field of clog formation, the results
presented should also provide interesting insights to the field
of fouling science, which seeks to characterize the transport
of particulate suspensions through complex porous structures.
Finally, we summarize some of the recent work on bioclog-
ging that constitutes a dynamic field of research both funda-
mental, to understand healthy and pathological clogging in bi-
ological systems and applied, to develop new diagnostic meth-
ods (section 5).

2 Sieving: from rigid to deformable particles

Sieving refers to the blockage of particles based on size ex-
clusion. The sieving of microparticles should however not be
reduced to a simple geometrical problem, as the trapping of
soft and anisotropic particles within a constriction is a com-
plicated problem with challenging technological applications.
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Fig. 3 (a) Time lapse of a typical sieving experiment in a device
consisting of 20 parallel microchannels. Particles are black. After
clogging, the particles accumulate and form a filter cake. The
suspension flows from top to bottom (scale bar is 500 m). The
close-up views show the clog formed when a large contaminant
clogs a microchannel at the entrance or further inside a
microchannel. The white arrows show the position of the large
contaminants (scale bar is 50 um). Reprinted with permission from
Appl. Phys. Lett.3* Copyright 2014 AIP Publishing LLC. (b) Series
of images of a microgel particle being deformed as the applied
pressure increases; from top to bottom: p = 100, 150, 200, 250,
300Pa. The fluid flow pushes the soft particle into the tapered
capillary from right to left. Reprinted from Soft Matter.3?

2.1 Sieving of rigid particles

The sieving of particles contributes to the separation of solid
matter from the fluid phase in filtration processes.>*> The en-
trapment of micrometer-sized solid particles occurs when the
width of the microchannel or the constriction, W, is equal or
smaller than the particle diameter D, W < D. Several studies
have demonstrated that particles get sieved out of suspension
at the entrance of a microchannel or constriction through di-
rect hydrodynamic transport3%37 or after rolling on the solid
surface. 339 This method is commonly used in microfluidic
technology to filter contaminants or separate particles of dif-
ferent sizes. 404!

In practice, suspensions of particles are often polydisperse,
either naturally *>or as an artifact of common fabrication meth-
ods.*3** The size distribution is characterized by a mean di-
ameter and a standard deviation. The sieving mechanism al-
lows the selective trapping of the large particles, i.e., only
those whose diameter D satisfies D > W. The clogging dy-
namic is thus controlled by the concentration of large particles
and the flow rate in the channel.3? The probability of clog for-
mation is measured by the mean clogging time, which is the
time interval between the onset of the flow and the clog for-

mation. Experimental measurements of the clogging times as
presented in Figure 3(a) follow a Poisson distribution, which
is indicative of a random process:

Pltetog) ”g> @)

——exp <
< tclog > < tclog >

where < ¢, >= 1/(cQ) with ¢ the concentration of large
particles (D > W) and Q the flow rate in the microchannel.
Measuring the distribution of clogging times in parallel mi-
crochannels is thus a simple and rapid method for character-
izing the tail of the size distribution corresponding to large
particle diameters, which is difficult to detect with standard
dynamic light scattering techniques.*’

The trapping of anisotropic particles, such as fibers or ellip-
soid, is possible if one of the particle dimensions exceeds the
size of the channel. However, this geometrical criterion is not
sufficient to determine whether a clog will form. The shape
and initial orientation of the particle, the confinement and the
geometry of the microchannel influence the probability and
position of the clog.*® In such systems, controlling the orien-
tation of the particle as it approaches the constriction permits
to determine the clogging probability. Once the interaction be-
tween the particle and the flow is well understood, it could be
leveraged to open and close constrictions at will.

2.2 Sieving of a soft particle

The flow of soft deformable particles such as microspheres
of elastomer, cells, and droplets is of great significance in the
food and oil industries as well as in the biological and biomed-
ical fields.*”*° The mechanical behavior of suspensions of
deformable particles leads to a wide range of flow properties.
As opposed to solid particles, a soft particle can enter a mi-
crochannel whose size is smaller than the diameter of the par-
ticle at rest, W < D.30-32

When the flow across the channel is controlled by a pres-
sure difference AP, both the volume and the shape of a de-
formable object change due to the local mechanical stresses.
As AP increases, the particle dynamics can follow different
scenarii: get trapped in the tapered or narrow entrance re-
gion of the microchannel [as shown in Fig. 3(b)], or flow
through the channel when the pressure exceeds the transloca-
tion pressure noted A P4y 53 The flow properties as well as the
shape, the dimension and the mechanical features of the par-
ticle determine its behavior in such a confined environment.
For instance, healthy red blood cells, which are deformable,
can flow through the microvascular system.>*>> However, dis-
eased blood cells, with reduced deformability can reduce the
blood flow and cause anemia and sepsis.’®>’ The change in
mechanical behavior of the red blood cells is key to under-
stand, diagnose and treat the associated diseases.
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The flow and eventual trapping of a soft particle in a tapered
capillary or axisymmetric microchannel with an opening an-
gle o are commonly used to measure the mechanical proper-
ties of the particle [as illustrated in Fig. 3(b)].33 Indeed the
change in volume and shape of the particle are both related
to the elastic bulk (or compressive) and shear moduli of the
material, noted K and G, respectively. Theoretically, the soft
particle gets blocked when the pressure difference across the
channel is lower than a threshold value. This latter can be es-
timated using a scaling approach to balance the deformation
energy with the work of the pressure, assuming that the defor-
mation of the particle is linearly elastic. The threshold value
is thus defined as:

D 14/3
APy o< E(do) ) 3)
c

where E and Dy are the Young’s modulus and the diameter
of the particle at rest, respectively,’ and the diameter of the
microchannel is noted d.. The coefficient of proportionality
varies with the geometry of the inlet tapered region through
its opening angle o.

For pressure values AP < AP, the external mechani-
cal stresses induced by the fluid balance the internal elastic
stresses. The position of the stopped particle depends on the
geometry of the tapered region and the particle, but also on the
pressure drop imposed and the elasticity moduli (K,G).33-8
Using a linear elastic description, and assuming that the open-
ing angle ¢ is smaller than about 15°, it is possible to describe
the deformation of the particle at equilibrium using two pa-
rameters: the average radial strain, &, and the average axial
strain, &, defined as

s 3K .
6D >+ ——2 | Dr
AP G
& = —— ) 4)

3D 2 3K+1 Dg?
L G R

6D, 2 3—1(—2 Dg?
L+ G R

where Dy, and Dy are the diameters of the particle on the left
and right hand side of the contact zone with the microchan-
nel wall.>> To compute the position of the clog, one needs to
know the geometry of the tapered region which prescribes the
relation between the position of the particle and its geometry
(Sr, &, Dy and DR).

The formation of a clog by a soft particle in a tapered mi-
crochannel is a simple and accurate experimental method to

g = 2& 5

measure the mechanical properties of individual micrometer-
scale objects. This capillary micromechanics scheme has been
applied to a variety of micrometer-scale objects, ranging from
microgel®* and core-shell particles>? to cells.%-%* We should
emphasize that the modeling of the clogging of deformable
particles in microchannels is particularly relevant to biologi-
cal applications.

3 Bridging in microchannels

Clogging of a constriction can also occur when the diameter
of the particle D is smaller than the size of the microchannel
W. A first possible mechanism when D < W is based on steric
effects through the formation of an arch of particles across the
width of the channel or constriction, which results in clog-
ging. The combination of converging flows and high particle
concentrations generates bridge-like structures composed of a
few particles, typically between 2 and 10 that span over the
entire cross section of the channel.®® Such blockages occur
during the confined flow of hard spheres both in suspensions
and in granular materials.®®7! The latter situation has been
studied in the silo geometry where dry grains are exiting a
container through a small hole. Contrary to the clogging by
sieving, the blockage by bridging is often intermittent as the
arch can break under flow fluctuations.”?

While bridges are often reported for local particle concen-
trations reaching the jamming value, studies have examined
the creation of an arch upon the simultaneous arrival of par-
ticles at the channel opening for particle concentrations lower
than the jamming value.%>’®> Beyond the fundamental impli-
cations of this work to describe the suspension rheology and
jamming transition,”*’7 understanding and controlling the
bridging occurrences can improve the processing of high solid
fraction encountered in industrial and technological systems.
Intermittent bridging is particularly disruptive as it leads to lo-
cal variations of the particle concentration.

3.1 Bridging of dense suspensions

The flow of dilute suspensions is well captured with a Newto-
nian description.7&79 Howeyver, as the volume fraction of the
particles increases, the rheology becomes more complex and
the viscosity diverges near a critical or jamming volume frac-
tion ¢@,,. For monodisperse hard spheres, the maximum pack-
ing fraction, ¢ € [0.54,0.74], depends on the local arrange-
ment. In addition, the flow of dense suspensions through con-
fined environments can lead to local rearrangements of the
particles and the formation of crystal structures.®® In prac-
tice, the viscosity typically rises rapidly around ¢ = 0.5 and
diverges for ¢, = 0.585 for hard spheres adopting a glass
phase.”>8! Jamming is therefore reported for dense suspen-
sions, typically ¢ = 0.2 —0.6,7>80-8283 flowing through an in-

4| Journal Name, 2010, [vol] 1—13

This journal is © The Royal Society of Chemistry [year]



0.5 mm

|

0.5 mm

Fig. 4 Flow and clogging by bridging of a neutrally buoyant
suspensions of PMMA particles in an axisymmetric tapered glass
capillary.

creasingly confined environment in which the volume fraction
locally reaches ¢,,. For example, if ¢ < ¢, in the microchan-
nel, allowing for pressure driven flow, arches or force chains
can form at a constriction when the combination of geomet-
rical and hydrodynamic effects increases the volume fraction
as illustrated in Fig. 4. This transition from continuous flow
to arch formation occurs over a very small range of volume
fractions, typically a few percents and results in a sharp de-
crease of the average fluid velocity noted < U >"? and a de-
crease in particle concentration downstream due to the inter-
mittent jamming. 33 This type of clogging occurs in a variety
of systems in which a large number of particles, grains, pedes-
trians pass through a bottleneck.” Interestingly the analogy
between those systems extends to their dynamics, as demon-
strated by numerical simulations of colloidal suspensions us-
ing Lattice Boltzmannn methods.”! The simulations indicate
that the time lapse between two consecutive bridging events
follows a distribution with power law tails, which is analo-
gous to the flow of grains out of a hopper. Similarly, the num-
ber of particles released during the unjammed phase is well
described by an exponential distribution.

Consistently, experimental work shows that the pressure
driven flow of dense suspension of hard particles leads to clog-
ging if (1) a small number of particles can form a bridge across
the width of the channel and (2) the flow velocity is above a
threshold value noted U,;. The clogging time, i.e., the time
between two consecutive bridging events can measured exper-
imentally, and is well captured by a power law: 3*

Telog ¢ (< U> *Uth)_ﬁ (6)

for a suspension of Poly(methyl methacrylate), PMMA par-
ticles (¢ = 0.63) flowing in a narrow microfluidic channel

Fig. 5 Particle bridging at high flow velocity. Negatively charged
0.249 pum diameter polystyrene sulfate particles flow through 1 um
pores. Reprinted with permission from J. Fluid Mech..”> Copyright
2000 Cambridge University Press.

(W =20D). The exponent  ~ 0.34 is obtained by fitting the
experimental data to a power-law distribution. As the chan-
nel width increases, the fluctuations or bridging events be-
come less regular and eventually disappear. Recent probabilis-
tic models have shed light on the mechanism of arch forma-
tion but cannot yet predict the dynamics of suspension flows
through a constriction. 7

The intermittent nature of these clogs is due to the fragility
of the bridged state: the arch can withstand large forces in only
one direction, perturbations of the flow or small forces exerted
in other directions can easily unjam the system. For example,
the presence of rotating vortices prevents long-lived arches.”?
Taking advantage of the fragility of these arches will allow the
development of self lubricating flow geometries, which could
prevent the formation of clogs by bridging. In summary, the
clogging by bridging for dense suspensions of microparticles
shares common features with the clogging in a silo for a dry
granular material.’%’! However, contrary to dry grains flow-
ing under gravity, suspensions of micrometer-scale particles
can be diluted to few percents in a flowing liquid.

3.2 Arch formation in diluted suspension

Although generally associated to dense suspensions, bridging
can also occurs for diluted suspensions at a small constriction.
Indeed, arch formation has also been evidenced at low solid
for volume fraction ¢ < ¢,,/10.%5 The bridging results from
the simultaneous arrival of particles that plug a cross section of
the channel, typically at the inlet or at a constriction as shown
by the example in Fig. 5. The probability of arch formation
increases with the particle concentration, with the flow rate
and with the ratio of the particle to the channel size D/W.7385
The complex bridging mechanism for diluted suspensions of
microparticles is yet to be fully characterized. Several types of
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particle assemblies can constitute a stable arch, capable of in-
terrupting the transport of particles (Fig. 5). Each of these
assemblies is composed of a given number of particles ar-
ranged through the cross section. To determine the probability
of formation of each assembly, it is necessary to account for
both the initial position of the particles and the hydrodynamic
forces as they determine the particle trajectories toward the
constriction. If the particles approach the channel simultane-
ously, near contact, interactions involving the lubrication flow
and interparticle forces determine whether an arch forms. 7386
In first approximation, it is convenient to consider an axisym-
metric channel. The suspension of particles of diameter D
has a solid volume fraction ¢. The suspension enters a con-
striction through a circular opening of area A, smaller than the
cross section of the channel. Assuming that the particles are
advected at the speed of the fluid, a clog forms when the num-
ber of particles arriving simultaneously at the opening is larger

that a critical number, noted 7,,,, defined empirically as: 87
AD
o< —— 7
Nmax 2Vp @)

where V, =7 D? /6 is the volume of a particle. The clogging
time, which is the time interval between two arches form is
predicted to be between a lower and an upper boundary:

(max/2+1)! AD (Mmax+1)! AD

R T Lt i
(Rygu @ )imax/2+1 2Q — lelog = (Mpx® )meatl 207 ®)

where Q is the flow rate through the unobstructed constriction.
This model is based on the assumption that the particles are
initially uniformly distributed and that clogging occurs when
the number of particles arriving almost simultaneously at the
opening, exceeds a critical value n,,,,. The particle trajecto-
ries can be defined more precisely by including the effects of
buoyancy and inertia.®¥ Although the approach is simplified,
experimental results are in good agreement with the model. 8’

Recent work has shown that particle surface properties,
and therefore particle-particle interactions modify the clog-
ging dynamics. Experimentally, the ionic strength of the solu-
tion allows tuning the surface interactions. 3’ For example, the
presence of attractive interactions between particles facilitates
the formation of the bridge but can also lead to the forma-
tion of aggregates. The growth of clusters of particles and the
resulting blockage of the microchannel are discussed in the
following section.

4 Clogging by aggregation

Whereas the two clogging mechanisms described previously,
sieving and bridging, involved steric effects only, we now con-
sider the clogging of a microchannel by successive deposition
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Fig. 6 Particle aggregation resulting in the clog formation. (a)-(e)
The density matched suspension of polystyrene particles (D = 3um)
with sulphate charge groups flows through a constriction of width

W =15.5 um. The images are recorded at 3, 5, 10 and 36 minutes,
with a flux of 2.8 x 10* particles per minute at the onset of the
experiment. Reprinted with permission from Microfluid.
Nanofluid..”® Copyright 2015 Springer. (f)-(h) Schematic
representation of the aggregation process, from the deposition of the
first particle to the clog formation.

of colloidal particles. The self assembly of colloidal parti-
cles into clusters can occur in the bulk of a suspension or on
a fluid interfaces.”” Driven by short-range attractive van der
Waals forces, this aggregation is only possible if the particles
are at a close enough distance that the attractive forces are
dominant. In flowing suspensions, a particle can reach the
vicinity of another particle or the surface of a channel through
advection or diffusion, depending on the Peclet number. The
dynamics of the clogging process by aggregation of particles
thus result from the combination of hydrodynamic and surface
forces, as first reported in porous media. '3!3 Recent work
on particle deposition and aggregation employs microfluidic
to control the suspension flow and characterize the time evo-
lution of the particle build-up.3%-37-92-93 Several studies have
focused on the characteristic time scale of the blockage at the
pore level. 39997 At low Reynolds number, as typically en-
countered in microfluidic channels, experiments indicate that
a critical number of particles flow through the microchannel
before the aggregate invades the cross section, thus preventing
further passage of particles. Recent experimental work aims
at describing the individual steps of the clogging process. In-
deed the capture of the first particle and the growth of the ag-
gregate determine the clogging dynamics, as the probability
of deposition of individual particles varies over the different
stages of the process. !43892.97.98 Byilding on those observa-
tions, quantitative models now capture some features of the
clogging process but various questions remain, including on
the formation of a aggregate in three dimensions around the
first layer of deposited particles.
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4.1 Deposition of a single particle

The deposition of a single particle on the wall of a microchan-
nel is the first step toward aggregation and clogging (see Fig.
6(a) and (f)). Numerical and experimental studies indicate that
individual particles are preferentially captured at the entrance
of the channel.37-38:85.96.99 1 microfluidic devices, the particle
deposition process can be quantified through the surface cov-
erage of the wall, which is defined as the surface area covered
by particles divided by the total surface area. When the cover-
age is low, the deposition events can be treated as independent.
The flux of particle deposition at the wall decreases with the
distance from the entrance of the channel, with the Reynolds
number of the flow and with the particle size.'?0 The nature
and intensity of the wall/particle interactions influence the rate
of deposition in a complex way. Indeed, the surface forces
between a particle and a wall are a combination of attractive
van der Waals and repulsive electrostatic double layer interac-
tions. 19! The relative magnitude of these two forces and the
resulting energy profile depend on the physico-chemical prop-
erties of the particle and the wall, and the nature of flowing
phase through its composition, pH and electrolyte concentra-
tion. 1! Experiments in microfluidic devices show that vary-
ing the concentration of the electrolyte typically sodium chlo-
ride, NaCl, can modify the deposition flux of particles at the
wall by a factor 2. 100:102

Two types of deposition behavior are reported. When the
interactions between the particles and the wall are attractive
for all separation distances, the deposition is favorable and the
deposition flux, jqep is large, typically with a wall coverage of
the order of 10% after 30 minutes of flow for a suspension of
0.25 pum-latex particles at Re =30 and ¢ = 1.31 x 102 in a
solution of NaCl (C = 0.01 M). 199103 When the energy profile
presents a repulsive region, the deposition is unfavorable, and
the flux is lower. 19194 In the latter case the particle capture
is very sensitive to surface roughness and local defects, which
are difficult to describe analytically and numerically.*

To model these observations one has to consider the flux of
particles, which satisfies the mass conservation relation: 1%

V.j=0. )

The particle flux is due to hydrodynamic effects (advection
and diffusion) and surface or colloidal interactions. The flux
in the i-direction is a function of &; and U;, the particle dif-
fusivity and the velocity in the direction i, respectively, and
F; is the i-component of the resultant force acting on the par-
ticle. For a particle number concentration 7, the flux in the

i-direction j; is defined as %
on 9;F;n
i=—9;— +U; . 10
Ji= =i +Uin+ T (10)

where k;, is the Boltzmann constant and 7' the absolute tem-
perature.

The resultant force F exerted on a colloidal particle is a
combination of the van der Waals, electrical double layer,
gravitational and hydrodynamic forces: 1!

F = Fypw + FepL + Fg + Fy. (11)

If the radius of curvature of the channel wall is large compared
to the radius of the particle, the surface can be considered flat
and the forces are normal to the surface, i.e., along the unit
normal vector . Assuming that the suspension is diluted, we
consider the particle/particle interactions negligible. The sign
and magnitude of these forces depend on the distance between
the particle and the surface noted h, and on the surface prop-
erties. The forces are described theoretically as:

 AgAD(A+22.2h)

Foow = =g it (12)
ksT \*
Fepr = 32mexDY,Yyexp(—Kkh) (i) (13)
1
Fg = fgﬂDB(p,,fpf)gn, (14)
Fy = —%panZUU-n. (15)

In these equations, D is the diameter of the particle, A is
the London retardation wavelength, x the Debye parameter,
and e the fundamental electronic charge. The particle-wall
interactions depend on € the permittivity of the fluid, Ay is the
Hamaker constant for the particle-wall interaction, p, and p¢
the density of the particle and fluid, respectively. The terms
Yp)w defined for both the particle and the wall are equal to
Yp/w = tanh [(zeé'p/w)/(4kBT)] where {,,,, is the surface zeta
potential and z the valency of the symmetric electrolyte. The
velocity U is the relative velocity of the particle in the fluid
and Cp the Stokes drag coefficient.

It is important to note that the diffusion and drag coeffi-
cients, Z and Cp, respectively, vary with A, when the dis-
tance between the particle and the wall becomes small, 7 <
D/2.105-108
At low Reynolds number, when the suspension flows be-
tween two parallel plates, the velocity profile is described by
Poiseuille law, assuming that the flow is undisturbed by the
particles. The flux of particles can then be obtained by solving
equation (11) numerically. The results are in good agreement
with the experimental observations. !°° This approach has also
been used to determine the deposition rate of particles at the
inlet of a channel, where the velocity field is determined nu-
merically. 38
For more complex flow geometries, Wyss et al. >° proposed an
empirical description of the deposition probability, a variable
that describes the flux of particles at the wall. This probabil-
ity, noted pgep, at a constriction of width W scales with the
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number of particles that flow in the vicinity of the wall, in the
so-called “sticking region” of thickness &. The probability is
defined statistically as

& Ustick

= (16)
w Utolal

Pdep

where Ugjcr /Uorar is the ratio of the average velocity in the
sticking region to the average velocity in the channel, assum-
ing that the flow is laminar. This result is consistent with
the approach previously described as the sticking thickness
& is an empirical parameter, which effectively captures the
wall/particle interactions.

4.2 Successive deposition of particles: growth of an ag-
gregate

The subsequent deposition of the particles results from the
same competition between hydrodynamic, diffusive and col-
loidal effects [see Fig. 6(b)-(d) and 6(g-(h)]. However the
presence of previously deposited particles modifies the local
geometry of the wall, the flow field and the nature of the in-
teractions. The aggregate build up is therefore more complex
to describe analytically or numerically. Two types of deposi-
tion mechanisms have been reported depending on the local
interactions. *® If the interactions between the flowing and the
deposited particles are attractive for all separation distances,
multiple layers of particles are deposited, which results in the
formation of an aggregate and the clogging of the microchan-
nel. > If the interactions between flowing and deposited parti-
cles are repulsive for a range of separation distances, the elec-
trostatic barrier reduces the probability of deposition. At low
flow velocity, the particles can only reach and stick on the wall
outside a forbidden region that surrounds each deposited par-
ticle. This repulsion prevents the build up of aggregates. At
large enough velocities, the repulsion between particles can
be overcome and multilayered clusters are formed resulting in
the growth of aggregate.

In experimental studies, the deposition of the particles and
the formation of aggregates is monitored through the total size
of the cluster area.®>°3 This measurement records the foot-
print or projected area of the aggregates on the surface of the
channel. For electrostatically neutral particles, the total size of
the clusters varies linearly in time and with the particle con-
centration, until the aggregates start interacting with one an-
other. The growth rate of an aggregate increases with the shear
strain rate at the wall and the confinement.?>* The shape of
the aggregates and their growth dynamics also depend on the
Peclet number, which quantifies the relative magnitude of the
advective to the diffusive effects, and the ionic strength of the
suspension.?”"1%° Using a simplified Smoluchowski equation,
it is possible to define theoretically the flux of particles at the

wall as

J o< —nn.K,, 17)
where 7 is the particle number concentration, n. the number
of clusters at the wall per unit volume and K, the kernel rep-
resenting the rate of aggregation of independent particles to
existing clusters, which is estimated empirically. > The clus-
ters are assumed to be hemispherical, randomly close-packed
assemblies of particles, and the volume and the area of the
clusters are related: V, o AC3/ 2. Then, for particles of volume
V), in a suspension of solid particles of volume fraction ¢, we
have

a“e 9P
a VA

where f is the growth coefficient, that is defined empirically,
and observed to vary as v/A..3*%>110 These experimental re-
sults and scaling laws do not fully capture the complexity of
the aggregate growth including the three dimensional geome-
try, which results from the complex interplay of aggregation
and erosion under microfluidic flows.*’

(18)

4.3 Clogging by aggregate growth

The consequence of the aggregate growth in a microfluidic de-
vice or in a confined environment is the formation of a clog.
Experimental studies have described the dynamics of clog for-
mation at a constriction through the clogging time. The clog-
ging time aims to establish how the flow characteristics and
the properties of the suspension contribute to the blockage of
amicrochannel. The microfluidic technology enables to repro-
duce the geometry of porous media in a controlled way. For
example, each microchannel can present one 3949 or several
constrictions. %3711 The clogging timescale is obtained by
recording the fraction of blocked channels during the experi-
ment and defining the mean clogging time as the average clog-
ging time for all the microchannels of the device, measured
from the onset of the flow. The average clogging time de-
creases linearly with the pressure drop across the device and
the volume fraction of the suspension.3%37 Experimental re-
sults indicated that the clogging time corresponds to the pas-
sage of a critical number of particles through the channel be-
fore it clogs. The critical number of particles, N*, depends on
the geometry of the microchannel and scales as W /D where
W is the width of the channel and D the particle diameter. 3%
In first approximation, one can assume that the probability of
deposition of the successive particles differs only because of
the progressive reduction in microchannel opening. The clog
is formed when N* particles have flown through the constric-
tion, and N particles are deposited on the wall of the channel,
forming a clog. Using the statistical method presented above,
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N* is defined as

) (19)
n=1 Pdep

where N is the number of particles needed to geometrically
block the microchannel N « WH /D? and

& Ustick

Pdep & ——— (20)
P Woperz Umml

depends on the number of particles obstructing the channel
through the open width, W, .,. Upon summation,

W3H
*
N7 o< D’ (21)
a result that is in good agreement with experimental re-
sults.3%-94% The approach presented above allows to predict
the rate of clogging of microchannels by successive deposi-
tion of particles semi-empirically.

5 Perspectives: Bio-clogging

If the microfluidic technology has been key to identify
and describe the clogging mechanisms involving colloidal
and micrometer scale particles, it is also a powerful tool
to study the flow of biofluids through microchannels. In
biological or bioengineered systems, cells in suspensions
can be transported through micrometer to centimeter scale
channels.''2"115 The clogging of microchannels by cells is
encountered in both healthy and pathological organisms. The
complex processes involved have been the focus of recent
work. 115116 Other studies have leveraged the formation of
clogs to describe the behavior of cells, and proposed new
schemes for diagnostic and treatment testing. 17119

For example, the selective blockage or sieving of can-
cer cells in microchannels has been proposed to diagnose
diseases. 121123124 The bridging of sickle red blood cells
in blood vessels has been associated with anemic crisis in
millions of patients. '>-'>7 Finally, the formation of bacterial
biofilms and biostreamers in porous media is the result of the
progressive aggregation of bacteria that can eventually lead to
clogging (as illustrated in Fig. 7(a)). Indeed, the formation of
biofilms has dramatic consequences including the increased
resistance to bactericides which is responsible for persistent
infections, and biofouling of flow systems, from catheters to
pipelines. ?%12% These three examples of bioclogging have
been the focus of recent microfluidic studies that have led to
a better understanding of the processes specific to biological
systems. The use of microfluidic technology to study and
leverage bioclogging is a promising emerging field of work.

CTCs '@ wecs ®  RBCs ®

Fig. 7 Bio-clogging. (a) Biofilm streamers or bio streamers of P.
aeruginosa cells expressing gfp expand and clog a 200 um wide
curvy channel. Reprinted with permission from Proc. Natl. Acad.
Sci. U.S.A..'20 (b) Schematic of a separation method to isolate
Circulating Tumour Cells (CTCs) from other blood cells such as red
blood cells (RBCs) and White Blood Cells (WBCs). Reprinted with
permission from Sci. Rep.'2! Copyright 2014 Nature Publishing
Group. (c) Sickled red blood cells vs healthy red blood cells. The
yellow arrows point toward the sickled RBCs. Reprinted with
permission from Proc. Natl. Acad. Sci. U.S.A.. 122

The richness of bioclogging mechanisms stems from the
properties of individual cells that differ from solid particles
in the following ways: (i) the cells are soft, most often non-
isotropic objects; (ii) the cells adhere to the substrate through
specific molecules that decorate the cell membranes and can
selectively and strongly bind the cell the substrate; (iii) the
cells are living entities that can swim, multiply, differentiate,
recruit other cells and synthesize polymeric substances. To
illustrate how these differences modify the clogging dynamics
and highlight the role of microfluidic advances in biological
research, we describe the examples presented above. Indeed
each system shows that the living nature of the cell modifies
the clog formation.

The sieving of cells in microchannels provides information
on their size and mechanical properties (see Fig. 7(b)).
Biological research has shown that circulating tumor cells
are transported in the peripheral blood of cancer patients
and are believed to cause metastasis.'3? Interestingly,
the deformability of cancer cells is correlated with their
metastatic potential. '3! Therefore, microfluidic devices with
conical and narrowing channel have been designed to take
advantage of this property and have successfully been used
to separate cancer cells from a blood sample using a sieving
approach. >121123.124 Once isolated, the cells can be used for
diagnostic or therapy tests. This method allows to recover up
to 90% of the cancer cells. However, upon clogging, cancer
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Sieving Bridging Aggregation
Size comparison
. . . > < <
(particle diameter D, channel width W) bzw D=w D=W
Solid volume fraction
in suspension ¢ low ¢ large ¢ low ¢
. . . attractive particle/wall and
Interactions needed steric steric . . .
particle/particle interactions
. . . . successive deposition of particles
Clog formation blockage by a single particle | blockage by an arch of particles leading to blockage

Table 1 Clogging in microfluidic systems: mechanisms, suspension properties and channel geometry

cells attach on the wall of the channel, and the adsorption is
irreversible, which limits the use of the device, the ability to
recover and analyse the cells trapped. '>* Indeed cells, through
the metastatic process adhere to the blood vessel walls. The
clogging of the constriction is thus a combination of sieving
of soft particles and adhesion to the wall. 3¢

The jamming of cells has recently been observed in
yeast.!32 In this situation, the formation of force chains
results from the growth of the cell population in a confined
space and provides environmental cues, but is not associated
with fluid flow. The bridging however has been associated
with the flow of pathological blood cells.!?* The bridge
formation which cayses vaso-occlusive crisis does not occur
when healthy red blood cells (RBCs) flow through a constric-
tion. Yet, for patients affected with sickle cell anemia, a drop
in oxygen level in the blood can trigger a series of events
that go from the polymerization of hemoglobin S inside the
cells to the vessel jamming [see Fig. 7(c)].'? Studies in mi-
crochannels with varying oxygen concentration in the blood
flow, reproduce the conditions of the crises in a controlled
environment, 17122133134 This work has demonstrated a
correlation between the speed of the rheological response of
the diseased blood and the severity of the crises. However
questions remain on the respective role and timescale of the
cell stiffness, sickled shape (see Fig. 7(c)) and adhesion prop-
erties in the vessel jamming, but the microfluidic technology
offers a unique window in this complex dynamical process.

Finally, the aggregation of cells in the wall of microchan-
nels can cause the formation of a clog. For example, the
biofouling of porous filtration materials refers to the dramatic
flow rate reduction due to the deposition and division of bac-
teria as well as the synthesis of polymeric substances during
the biofilm and biostreamer formation. !?%!2% Studies in mi-
crofluidic devices have revealed information on the biofilm
formation and properties and demonstrated that the biostream-
ers are porous structures that filter planktonic cells until clog-
ging. 120135137 The new technological platform will allow to

study the transition from planktonic to biofilms and the influ-
ence of the flow features on the clogging dynamics.

6 Conclusion

In this review, we have reported on recent work that investi-
gated the formation of clogs at the pore-scale level in microflu-
idic devices. Indeed, over the past decade, the microfluidic
technology has been shown to be a powerful tool to control
the flow of particles and record the dynamics of clog forma-
tion in different channel geometries. This new approach has
led to a better description at the pore scale, i.e., at the scale of
a microchannel, of the three clogging mechanisms induced by
the flow of micrometer scale particles: sieving, bridging and
aggregation (see table 1).

In summary, sieving and bridging involve steric effects
whereas the clogging by aggregation is induced by parti-
cle/particle and particle/boundary attractive forces. The siev-
ing is observed for particles that have a size D larger or com-
parable to the width W of the constriction, W /D < 1, for any
concentration of particles. The bridging occurs for suspen-
sions having a large concentration ¢ flowing through narrow
microchannel, whose width is typically of the order a few par-
ticles radii W ~ 2 — 10 D. Finally, clogging by aggregation can
involve very diluted suspensions and fairly large constrictions
but requires particle/wall and particle/particle attraction.

The recent observations performed in microfluidic systems,
at the pore scale, where the coupling between micrometer-
scale particles and the microchannel walls can be finely char-
acterized, will allow future investigations. An important step
is to build on the microscopic observations performed in one
microchannel and study more complex networks of channels,
thus bridging the gap between the microfluidic studies and the
clogging of porous media and filters that has been extensively
studied in the past century at the macroscopic level.

The clogging mechanisms discussed in this review are rele-
vant for colloidal and micrometer scale particles. These mech-
anisms are also encountered in biological environments in
which cells can block capillaries or microchannels and foul
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porous media. In particular, the technological applications
of clogging to biological and biomedical systems constitute a
promising research area, both fundamental as the mechanisms
of biofouling are complex, and applied as the formation of
biofilms and other cell aggregates have dramatic health conse-
quences.
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