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Abstract

The high red blood cell (RBC) deformability is essential to optimal gas exchange between gas and tissues in microcirculation in
vivo. This review is focused on the flow behavior of RBCs in microconfined geometries in vitro, such as circular section capillaries,
rectangular channels and pores, where at least one transverse dimension is comparable to cell size. Experimental results on RBC
velocity and shape are reviewed together with modeling predictions and numerical simulations. In spite of the progress made so
far, the pathophysiological implications of altered RBC deformability are still to be fully elucidated, and more data from clinically-
relevant experimental methods and modeling-based interpretation are needed. Future directions include the emerging application
of microfluidics techniques to investigate RBC flow in complex geometries. To cite this article: S. Guido, G. Tomaiuolo, C. R.
Physique 10 (2009).
© 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Comportement des globules rouges dans un écoulement microconfiné in vitro. La grande déformabilité des globules rouges
(GR) est essentielle pour optimiser les échanges gazeux entre le gaz et la microcirculation dans les tissus in vivo. Cette revue
est focalisée sur le comportement des GR dans le flux confiné in vitro, tels que les capillaires a section circulaire, et les canaux
rectangulaire, o au moins une dimension transversale est comparable a la taille des cellules. Résultats expérimentaux sur la
vitesse et la forme des GR sont examinés conjointement avec prédictions des modeles et des simulations numériques. En dépit des
progres accomplis a ce jour, les conséquences physiopathologiques des modifications de la déformabilité des GR sont pas encore
pleinement élucidées, et autres données expérimentales et de modélisation sont nécessaires. Les directions futures comprennent
les nouvelles techniques d’application de la microfluidique pour enquéter sur le flux des GR dans des géométries complexes. Pour
citer cet article : S. Guido, G. Tomaiuolo, C. R. Physique 10 (2009).
© 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction

One of the most striking properties of red blood cells (RBCs) is the high deformability enabling them to flow
through microcapillaries with inside diameter even smaller than cell size itself. RBC deformability plays indeed an
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essential role in gas transport between blood and tissues [1], mostly occurring in the microcirculation [2], where
significant cell deformations both in irregular regions and during cell interactions have been recently observed by in
vivo high-speed, high resolution imaging [3]. Another example of the physiological relevance of RBC deformability is
blood filtration through the spleen vasculature, where older cell clearance is mostly due to trapping in the fenestrated
walls of venous sinuses [4]. Here RBCs are forced to squeeze through narrow rectangular slits between endothelial
cells having width around 6 um and height around 1 um [5,6]. RBC deformability is also an important parameter in
evaluating hemocompatibility of artificial devices, such as rotary blood pumps [7], which may induce subhemolytic
trauma leading to impaired cell deformability.

In this review, we focus on RBC flow behavior in a microconfined geometry, where at least one dimension is
comparable to cell size, such as in microcirculation. Starting from the pioneering work of Fahraeus and Lindqvist
[8,9] on the relative apparent viscosity and hematocrit dependence on tube radius, the effects of confinement have
been the subject of a number of publications, both from the experimental and modeling side. Literature work on RBC
flow in microcapillaries has been reviewed in several papers [10-27]. Recently, RBC confined flow in rectangular
microchannels has been also investigated. In fact, the recent progress in the field of microfluidics and lab-on-a-chip
devices has attracted much interest in developing blood manipulation and analysis methods at the microscale (see [28]
for a review on this promising approach).

This article is organized as follows. In the following section rheological properties of RBCs, which are the major
determinants of cell deformability, are described with a short reference to the most used experimental measuring
methods. The main fluid dynamic observables related to RBC flow in capillaries, i.e., cell shape and velocity, are the
subject of Section 3. Recent results coming from the application of microfluidics techniques are reviewed in Section 4.
Concluding remarks and possible future research directions are presented in the last section.

2. Rheological properties of red blood cells

The high deformability allowing RBCs to flow through microcapillaries smaller in size than the cells themselves
is attributed to several factors, including cell shape, viscosity of intracellular fluid, and rheological properties of cell
membrane [27]. Concerning RBC geometry, the rest shape is a biconcave disk with a major diameter ~8 um and
thickness ~2 pm. Such a discoid geometry is in fact an equilibrium configuration between stomatocyte (cup shape)
and echinocyte (crenated shape), which is also observed in blood from healthy donors [29,30]. Sodium salicylate
(SA)-induced echinocytic shape changes are shown in Fig. 1 [29].

Mean cell volume (MCV) is ~90 fl and mean surface area (MSA) is ~135 um?, a value significantly greater than
the surface area (97 um?) of a sphere enclosing a volume of 90 fl [31]. RBC deformability is partly due to this excess
area, since under physiological conditions RBC surface area and volume stay constant while flowing in microconfined
geometries.

Control Salicylate (mM)

Fig. 1. Scanning electron micrographs of RBCs undergoing sodium salicylate (SA)-induced echinocytic transformation. (A) Normal discocytes.
(B) Discocytes and echinocytes at SA = 7.5 mmol/1. (C) Mostly echinocytes at SA = 30 mmol/1. (D) Spheroechinocytes at SA = 120 mmol/1
(from [29]).
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Table 1
RBC mechanical properties.

Value Reference
RBC volume (pm3) 88.4-107 [31,32,41-50]
Membrane surface area (pmz) 129.9-141.4 [31,32,41-50]
Membrane surface viscosity (uUN s/m) 0.47-1 [51-53]
Cytoplasmic viscosity (mPas) 6-7 [54,55]
Membrane shear elastic modulus (uN/m) 1-13 [38,40,52,53,56-61]
Bending elastic modulus (x 10~ 19N m) 0.13-3 [62-70]
Time for shape recovery (s) 0.1-0.27 [40,52,71]
Area compressibility modulus (mN/m) 300-500 [36,51,72]

Concerning the intracellular fluid, the rheological behavior is essentially viscous and is dominated by the pres-
ence of hemoglobin, whose mean corpuscular concentration (MCHC) is ~32 g/dl, corresponding to a viscosity of
~7 mP s [26]. In older cells (RBC life span is about 120 days) both MCV and MSA tend to decrease while maintaining
an almost constant ratio [32], and this is associated with an increase of MCHC and inner viscosity [33].

Another key factor affecting RBC deformability is the rheological behavior of the cell membrane, which is a
composite material made of a lipid bilayer envelope containing integral proteins, and an underlying protein network
referred to as the membrane skeleton [34]. The former is capable of resisting bending (an important property in
driving rest shape changes) without having shear resistance, while the latter, which is mainly composed of spectrin,
actin, tropomyosin, and proteins 4.1 and 4.9, is responsible for the resistance to stretch and shear deformation [35]. In
a two-dimensional continuum mechanics description, the elastic behavior of the RBC membrane is expressed in terms
of three fundamental moduli: the shear modulus © with units of N/m, associated with constant area elongation or
shear of the membrane, the area expansion modulus K with units of N/m, corresponding to surface dilation (isotropic
expansion) without either shear or bending, and the bending modulus B without either shear or expansion, with units
of Nm [36].

In a constant area membrane extension, the maximum shear resultant 7y, which is found at 45° to the direction of
extension, is related to the extension ratio A (extended length/original length) by the equation: Ty = (1/2)(A% — A 72).
One of the classical methods to measure the shear modulus is micropipette aspiration, which consists of reading the
length of the cell portion aspirated into a pipette under a given aspiration pressure [37,38]. As shown in Table 1, the
values for p are in the range 1-10 pN/m; greater weight was given to values between 6 and 9 uN/m due to higher
accuracy in measurement of pipette inner diameter [36,39]. A smaller value of 2.5 uN/m has been found by RBC
elongation through optical tweezers [40]. The difference with respect to the micropipette data was attributed to the
large deformations inherent to aspiration in a tiny microcapillary [35].

The micropipette technique has been also used to measure the area expansion modulus K [51]. The simple linear
relation between isotropic membrane tension and relative area expansion 7 = K - AA/A A was found, with values
of K around 450 mN/m [51]. The assumption of constant surface is indeed based on these high values of the area
expansion modulus. More recently, by using fluorescence-imaged micropipette aspiration, the membrane skeleton
alone has been probed upon removal of the lipid bilayer, and regions of local dilation and compressibility were
observed [73-75].

Finally, the bending modulus B was estimated around 1.8 x 10~'° Nm by membrane buckling instability upon
micropipette aspiration [62]. Similar values were found by the analysis of thermal fluctuations of the membrane
thickness (the flicker phenomenon) [63,76,77], tether formation (see also below) [80], and membrane pulling by
atomic force microscopy [65].

RBC rheological behavior is not purely elastic, since membrane fluidity and the intracellular fluid provide a viscous
character to the mechanical cell response. This was investigated by the recovery time needed to shape relaxation upon
sudden removal of an applied deformation, such as in micropipette aspiration [79]. The recovery time was independent
on the initial deformation, and varied from cell to cell in the range 0.1-0.3 s. A measure of membrane viscosity 1y
is obtained by multiplying recovery time and shear elasticity modulus. Values around 0.4 uN s/m were found. Other
features related to the viscoelastic behavior of the RBC membrane are formation of thin filaments, referred to as
“tethers”, induced by yielding of the membrane above a critical stress values [80] (described in terms of a Bingham
plastic model), and permanent membrane deformation upon application of a small force for a time scale of a few
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Fig. 2. Images of RBCs flowing in vitro in microcapillaries of diameter 4.7, 6.6 and 10 pm at different velocities.

minutes [81]. It should be noticed that according to some authors there is no characteristic relaxation time in creep
experiments (the observed trend is a power-law rather than an exponential function) [80,81].

Other techniques to measure RBC deformability include filterability tests [82], pore transit analysis [83,84], laser
diffraction ellipsometry (ektacytometry) [85], viscometry [109], rheoscopy [86,87], optical magnetic twisting cytom-
etry [80], defocussing [77] and tomographic phase microscopy [78]. Some of these techniques do not give a direct
measure of the viscoelastic constants, but the output is some parameter related to RBC deformability (in some cases
of difficult interpretation). A detailed comparison of these techniques, however, is beyond the scope of this review.

3. Red blood cell flow behavior in microcapillaries

Following the classical work of Fahraeus and Lindqvist [8,9] on the relative apparent viscosity and hematocrit de-
pendence on tube radius, RBC confined flow behavior in microcapillaries has been the subject of many investigations.
From the experimental side, the main physical observables are cell shape, velocity and thickness of the suspending
fluid film separating the cell from the capillary wall, which depend on capillary diameter, pressure drop, and RBC
volume fraction in the capillary (commonly referred to as tube hematocrit Ht). In order to adapt to a capillary of inner
diameter equal to or smaller than cell size, RBC shape departs from the equilibrium biconcave disk, as observed by
in vivo experiments [3,110]. The deformed RBC shape in vivo has been described as bullet- or parachute-like in some
works (e.g., [88], which is based on high-speed imaging of dog mesentery, and in [89-91]). However, in later studies
it has been shown that cell deformation at an RBC velocity around 0.1 mm/s is better described in terms of bending
or folding around the longitudinal axis, so that the deformed configuration resembles a shallow bowl with a bulging
of the forward edge and a thinning of the back end (see [92], which is based on a simultaneous view of RBC motion
through two microscopes at right angles). These findings are in contrast with the interpretation of RBC deformation
as due to compression and extension in the plane of the original disk by the pressure gradient [93]. More support to
nonaxisymmetric RBC shape was provided by microscope examination of cells exposed to a fixative after the passage
in a microcapillary at a velocity in the range 0.1-4 mm/s [94].

Recently, RBCs have been imaged at velocities up to ~5 cm/s in microcapillaries in vitro between 10 and 4.7 ym
by using a high resolution camera. Samples images are shown in Fig. 2. Asymmetric shapes were mostly observed
(together with axisymmetric ones) in the 10 um microcapillary, as shown in the bottom row of Fig. 2. Up to an RBC
velocity around 0.1 cm/s asymmetry was apparently the result of folding of the cell membrane, as found in previous
works [93,94]. At higher RBC velocities asymmetric shapes were due to out-of-axis cell position (which is prevented
in the smallest microcapillary by the higher confinement) and were indeed associated with a slightly lower cell veloc-
ity. Another interesting feature observed in asymmetric cells is membrane rotation (tank-treading), which brings about
energy dissipation due to viscous flow of membrane material and cytoplasm [94,96] (whereas cell viscosity does not
play a role in the motion of axisymmetrical RBCs). The overall effect of membrane rotation is however to reduce
viscous dissipation of the RBC suspension [96], even though the predicted effect on viscosity is small [97]. In the
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smallest microcapillary (inside diameter D = 4.7 pm) of Fig. 2, RBCs showed an apparently axisymmetric bullet-like
shape, possibly due to hemoglobin shifting. The observed trend towards an asymptotic configuration at increasing cell
velocity is in agreement with earlier model predictions of Secomb et al. [98], as it will be discussed below.

Another geometric feature associated with RBC shape in confined capillary flow is the geometry of the suspending
fluid layer separating the cell body from the confining walls. Indeed, the growth of cell length with velocity is paral-
leled by a decrease of cell width. Hence, at a given capillary diameter, the layer thickness is an increasing function
of cell velocity, with a leveling off at an apparent plateau (~0.6 um at a velocity ~1 mm/s for a capillary diameter
of 4.5 um [99]). At a given velocity, the layer thickness grows with the capillary diameter [99]. The situation is more
complex in vivo due to the presence of the endothelial glycocalyx, a network of membrane-bound proteoglycans and
glycoproteins lining the vascular endothelium with a thickness around 0.5 pm, as reviewed in [100]. Due to the glyco-
calyx layer, the actual lumen available to plasma and RBC flow is reduced. The glycocalyx is thus considered the main
factor leading to the lower flow resistance and the reduced hematocrit found in glass microcapillaries as compared to
microvessels in vivo [101].

In experiments on capillaries with diameter between 3.3 and 11 um, RBC velocity v, was found to consistently
exceed the average velocity of the suspending fluid v, [102]. At any tube hematocrit Hr, the ratio v./vp is a de-
creasing function of the capillary diameter, going from 1.649 % 0.128 in the 11 um capillary to 1.087 £ 0.088 in
the 3.3 um capillary for Ht = 0.35. The data, though rather scattered, seem to show an apparent increase of v /vp
with cell velocity, a trend supported by recent results [95]. The dependence on capillary diameter is in line with the
already mentioned data of the peripheral layer thickness, which decreases more than linearly by lowering capillary
diameter [99]. Thus, RBCs occupy a larger fraction of the lumen in capillaries of smaller diameter, and their velocity
approaches the average suspending fluid velocity. RBC broadening at low velocities also leads to a decrease in the
Fahraeus effect (with the ratio Ht/Hp, where Hp is the discharge hematocrit, closer to unity) [95,102].

The dependence of RBC velocity vs the applied pressure drop has been also investigated. A linear trend has been
observed, independently on the viscosity of the suspending fluid [26,95]. RBC velocity has been found relatively un-
affected by the hematocrit up to Ht ~ 20%, where trains or rouleaux led by a larger cell slightly slowing down the
preceding ones have been observed at low pressure gradients (such rouleaux disappear at higher pressure drops) [95].
RBC slowing down with increasing cell size has been further confirmed in experiments on dilute suspensions both in
capillaries [95] and in microchannels [103]. It can be estimated that the RBC-induced flow disturbance is limited to
about one cell length in the single file motion observed in confined capillary flow. Upon increasing the tube hemat-
ocrit, bolus motion of intercellular suspending fluid is induced by cell hydrodynamic interactions, as shown in flow
visualization experiments [94]. When capillary diameter exceeds 6 um hematocrit-dependent transition from single-
to multi-file (zipper) flow is observed [94].

From the theoretical standpoint, early works, starting from Barnard et al. [104] and Lighthill [105], are based on
two key assumptions. In the first place, the RBC, which can be seen as a closely fitting elasto-hydrodynamic pellet,
must travel slightly faster than the velocity of the suspension as a whole (as confirmed by the experimental results
reviewed above). The resulting leakback takes place in the narrow layer separating the cell surface from the capillary
wall and can be modeled by lubrication theory (neglecting inertia). The second assumption is that cell shape is ax-
isymmetric, which is more sound at higher RBC velocity, as pointed out before (see Fig. 2). As a consequence of this
assumption, tank-treading does not occur and no viscous contributions to the stress acting on the cell are expected
either from the membrane or the intracellular fluid. In the work by Lighthill [105] (which has been extended in [106]),
cell deformation is considered proportional to local pressure, which is more suited to describe a solid elastic cell than
a fluid-filled sac such as the RBC [94]. In the work by Barnard et al. [104] the stress in the cell membrane is approx-
imated by an isotropic in-plane tension. Secomb et al. [98,107] modeled the membrane by taking into account shear,
bending and isotropic tension. The former two are included in the constitutive equation of Evans and Skalak [108],
while it is assumed that the cell area remains essentially constant during deformation due to the high value of the
elastic modulus of isotropic membrane dilation (around 500 dyn/cm, see Table 1). Thus, for large stresses acting
on the membrane at high cell velocity, isotropic membrane tension, which can be generated by small area dilation
(as opposed to the large strains which would be induced by shear strains) is dominant in balancing external fluid
forces. At lower cell velocities, membrane shear and bending forces become more important, and membrane tension
cannot be considered isotropic [98,107]. In the model by Secomb et al., the equations for mechanical equilibrium of
an axisymmetric shell are solved together with the lubrication theory equations starting from a spherical unstressed
configuration (finite-element calculations starting from a biconcave disk are also provided in [112]).
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Fig. 3. Predictions of the model by Secomb et al. calculated including both shear and bending elasticity. (a) Cell velocity 0.01 cm/s, vessel diameters
as shown. (b) Vessel diameter 6 um, cell velocities as shown. (c, d) Variation of normalized pressure in the gap corresponding to cell shapes in (a)
and (b) (from [98,107]).

Some representative predictions of the model by Secomb et al. [98,107] are shown in Fig. 3, where calculated
shapes and the corresponding normalized pressure in the gap are calculated as a function of capillary diameter and
cell velocity. The shape results shown in Fig. 3 are in good agreement with the experimental results of Fig. 2 [95].
Further predictions include the viscosity of the cell suspension and the ratio Ht/Hp as a function of cell velocity and
capillary diameter. Later extensions of this work were used to model the case of asymmetric cells both in 2D [113]
and in 3D [97], and effect of the glycocalyx layer [114,115], as already described. The increase of flow resistance due
to nonuniformity of capillary cross-section was also investigated by imposing a sinusoidal diameter variation [54].
It was found that the presence of the glycocalyx layer can mitigate the impact of the increased flow resistance. The
effects of membrane viscosity were investigated in analyzing RBC motion through cylindrical micropores, where a
significant dependence of transit time on cell size was also found [116].

Axisymmetric motion of a file of RBCs in a capillary has been investigated by Pozrikidis using numerical simula-
tions based on a boundary-integral method for axisymmetric Stokes flow [117-119]. The mathematical formulation
adopted by Pozrikidis takes into account the nearly incompressible and elastic properties of the cell membrane with
respect to shearing and bending deformation from the unstressed biconcave shape. Since the surface viscosity is not
included in the membrane constitutive equation, and the viscosity of the intracellular fluid is assumed to be equal to
that of the ambient fluid, the RBC equilibration time is actually underestimated, even though the stationary results are
not affected by these simplifying assumptions. An example of the calculated shapes is shown in Fig. 4 at a nondimen-
sional cell separation L/a = 3, where L is the distance between cell centers and a is the radius of a sphere having the
RBC volume, and at different values of the aspect ratio /a, where b is the capillary radius, and of the reduced mean
velocity G = nv/u, where 7 is the suspension viscosity, v is the mean suspension velocity and ¢ the membrane shear
modulus. The predicted shapes are in agreement with the axisymmetric experimental ones, as shown in Fig. 2. The
results of the numerical simulations are consistent with the predictions of the model by Secomb et al. [98] based on
the lubrication approximation.
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Fig. 4. RBC shapes calculated from numerical simulations by Pozrikidis [118]. The left column corresponds to reduced velocity G = 0.1 and
b/a =1.35 (top), 1.10 (bottom); the right column corresponds to reduced velocity G = 0.5 and b/a = 1.30 (top), 1.00 (bottom).

Recently, a coarse-grained numerical approach based on modeling the RBC spectrin network with resolution down
to individual junction complexes has been used to analyze large cell deformations [120,121]. Optimal agreement with
the already mentioned fluorescence imaging results was found for a pre-stressed RBC configuration [121]. A more
complex coarse-grained framework of cytoskeletal dynamics that allows active remodeling of the 3D cytoskeleton
via breakable as well as reformable associations of the junction complex and spectrin tetramer has been recently
reported [122]. The static equilibrium analysis was extended to the dynamics of RBCs flowing in cylindrical capillar-
ies by using a three-dimensional mesoscopic simulation including a particle-based hydrodynamic model [123]. At a
critical velocity increasing linearly with bending rigidity, a model RBC is found to switch from a nonaxisymmetric
discocyte to an axisymmetric parachute shape (coaxial with the flow axis). Quite recently, clustering and cell—cell
interaction effects in capillary with a radius 1.4 times the equivalent RBC radius have been also studied by the same
authors [124]. Following a similar approach, a coarse-grained model was adopted to simulate RBC motion in a mi-
crochannel by using dissipative particle dynamics both to describe the cell and the suspending fluid [125]. The results
show tank-treading and tumbling motion and the calculated shapes are close to experimental images such as the ones
of Fig. 2 [125].

4. RBC flow in microfluidics channels

Microfluidics and miniaturized lab-on-a-chip devices are an emerging new technology with an attractive poten-
tial impact for blood analysis [28]. Early work in this area was based on semiconductor processing techniques
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and was mainly focused on developing and testing the microdevices, as summarized in the following of this para-
graph. Kikuchi et al. reported the fabrication of a filtrometer containing 2600 triangular cross section grooves of
typically 6 um equivalent diameter and 14.4 um length by means of photolithography and orientation-dependent etch-
ing [126,127]. Measurements of the flow rate-pressure curve using straight silicon channels obtained with the same
techniques showed non-Newtonian behavior of RBC suspensions [128]. Cylindrical microchannels were also fabri-
cated in glass by an etching method [129]. Silicon micromachining techniques were used to fabricate a microfluidics
device incorporating multiple channels of 100 um length and individual widths ranging between 3.0 and 4.0 pm [130].
By using the so called micromachined haemocytometer it was found that an RBC is a slightly decreasing function
of cell size [131], in line with results from glass microcapillaries and microchannels [95,103]. However, a lack of
correlation between cell velocity and diameter was found by using a synthetic capillary bed with 2.5- to 4-um wide
channels, possibly due to the combined effect of other concurrent factors [132]. In the same study, cell velocity turned
out inversely correlated with intracellular calcium concentration of the cell, which is related to spectrin connectivity
and then to cell rigidity [132].

More systematic measurements on RBC deformability were performed by Tsukada et al. [133] by using dry etching
straight microchannels in a crystal glass wafer to overcome the limited transparency associated with silicon devices.
RBCs flowing in this device at a given pressure head exhibited the classical parachute shape, which was characterized
in terms of a deformation index DI given by the ratio of cell length and width. The deformation index was an increasing
function of RBC velocity, and DI values of samples from diabetes mellitus patients were found smaller than the ones
from healthy donors, thus showing an impaired deformability in the pathological case.

In more recent works, microfluidic devices were fabricated in poly-(dimethylsiloxane) (PDMS), a two-component
silicone-based elastomer, by rapid prototyping soft-lithography techniques. Some advantages of this approach are
the possibility of mimicking the geometric and structural properties of capillaries, the optical transparency, and the
gas permeability. The PDMS soft-lithography technique was applied by Shelby et al. [134] to study the behavior of
Plasmodium falciparum-infected RBCs under capillary-like conditions in channels having a depth of 2 pm and width
from 2 to 8 ym. While healthy RBCs were able to freely traverse all the channels, malaria infected cells showed
an impaired ability (more severe at later stages of infection) to flow through the channels. In the 2-um channels
mechanical expulsion of parasites from RBCs with formation of ghosts was also observed.

Microfluidics techniques have been recently applied to measure dynamical pressure-drop variations along a
micrometer-sized channel due to the passage of individual RBCs [26,135]. The measuring method of this differ-
ential manometer is based on twin geometry, a test channel where cells flow through, and an identical comparator
channel, both of which produce downstream two parallel and adjacent streams of fluid. The liquids flowing through
the channels are miscible and the interface downstream is made visible by dyeing the liquid of the comparator channel.
The passage of a cell in the test channel brings about a change of the interface position, which can be translated in the
cell-induced pressure drop by a calibration procedure. An example of the cell-induced excess pressure drop is shown
in Fig. 5. It can be noticed that the experimental trend shows a qualitative agreement with the model predictions of
Fig. 3.

Another process which can be studied by the differential manometer is RBC lysis due the blockage of the test
section when a cell gets stuck at the channel entrance. This event is followed by an increase of the excess pressure up
to a value of 0.4 psi, which is close to that reported in the literature from static micropipette experiments [135] (higher
limits, however, can be deduced from channel flow experiments [136]). One advantage of this microfluidics approach
is that many cells can be examined in relatively short time, as compared to the micropipette technique.

A well known hydrodynamic effect in microcapillaries is the presence of a cell-free layer adjacent to the wall,
which is the basis of the Fahraeus effect [8]. The cross-stream migration leading to the cell-free layer results from
hydrodynamic wall repulsion and shear-rate gradients, with the viscosity ratio between the intracellular and outer fluid
as a key parameter [137]. By using a microfluidics model, it was found that a geometrical constriction can enhance the
size of the cell-free layer [138]. Such geometrical focusing can be applied for RBCs separation from the suspending
plasma.

Further developments of the microfluidics approach include the fabrication of complex flow patterns with dimen-
sions and topology similar to microcirculation in vivo [139]. By studying the perfusion of a network of channels of
different size the effect of glutaraldehyde-induced impairment of RBC deformability has been studied [140]. A higher
sensitivity to small deformability changes was found as compared to conventional filterability tests.
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Fig. 5. Pressure drop associated with cell passage vs time. Starting from bottom, the + symbols refer to a healthy RBC, while the open points
correspond to RBCs treated with 0.001% glutaraldehyde: one RBC, triangles; a train of two RBCs, squares; a train of five RBCs, circles (mean
flow velocity ~1 cm/s) [135].

5. Conclusions

In this article, flow behavior of RBCs in microconfined geometries has been reviewed. Thus, the focus is on
capillaries or channels with one dimension comparable to cell size, where single file motion is mostly observed.
Aggregation effects are not taken into account, apart from rouleaux formation at increasing hematocrit. Confined
RBC flow is a quite active area of research both from the modeling and experimental side, and several significant
contributions from the literature have not been included here due to space limitations. For example, significant insight
in RBC flow behavior in confined geometries can be gained from model systems, such as deformable bags [111,145,
148], vesicles [137,146,150], capsules [144,147,149] and droplets [151].

One reason of the interest in this subject stems from the possible pathophysiological implications of the viscoelastic
RBC properties, which are referred to as cell deformability, since such properties allow a cell to flow in vessels smaller
than its own size in the microcirculation. The role of impaired RBC deformability has been investigated in several
pathologies, such as sickle cell disease, diabetes, thalassemia, polycythemia, and hereditary elliptocytosis (see [141]
for a review). In addition, the effects of drugs on RBC deformability has been studied both per se and for the possible
role of RBCs as a carrier system for transport and delivery of pharmacological substances [30]. Advanced biophysical
methods are now available to probe subcellular components (e.g., Raman microscopy [142]) and can be combined
with molecular biology tools to gain a deeper insight on RBC deformability at the molecular level.

While sophisticated methods are now available at a single cell level, more work is needed to develop high-
throughput techniques allowing one to get clinically-relevant data from a cell population. A promising approach in this
respect is the application of microfluidics devices, which would be in principle capable to separate the blood cellular
components too. More experimental and modeling work is needed to fully exploit the potential of microfluidics tech-
nology. This includes coupling of classical fluid dynamics with constitutive equations of the RBC rheological response
in complex flow geometries. Further studies on the interactions between RBCs and between RBCs and endothelium
are also needed [143].
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