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ABSTRACT

For the rheologist, blood is essentially a concentrated suspension
of biconcave 8-um diameter red cells (40 - 45% by volume) that
circulates within the body in vessels from 25 mm down to 5 um
diameter. Here, we describe in vitro tracking of blood cells in a
traveling microtube apparatus and in a counter-rotating micro
cone-plate device at low Reynolds numbers, Re. Observations of
the flow behavior of individual red cells reveal a marked and
continuously changing deformation and interaction of the cells in
shear, and this, together with their migration away from the vessel
wall accounts for the low whole blood overall viscosity compared
to other concentrated suspensions and emulsions. Red cells also
strongly affect the flow behavior and interactions of platelets and
of white cells, which although present at much lower
concentrations (0.3% by volume), play key roles in thrombosis,
hemostasis, and inflammation. Studies of the kinetics of the
formation and break-up of receptor-ligand bonds between
membranes of platelets and of white cells in shear flow revealed
single bond strengths of 50 -200 nN. Such micro particle image
velocimetry (uPIV) studies have recently been considerably
refined and extended to in vivo vessels such as postcapillary
venules. Using submicron fluorescent latex spheres, the existence
of an impermeable and hydrodynamically effective surface layer
(< 0.5 um thick) extending out from the vessel endothelium has
been confirmed. The lecture is illustrated by movies of blood flow
in vitro and in vivo.

1 INTRODUCTION

In the last 15 years there have been considerable advances in
tracking the motions of micro- and nano-sized particles suspended
in fluids and tissues. Depending on the objective of the work and
the systems studied, the methodology has been described as
particle or micro-particle tracking velocimetry, fluorescent micro-
particle velocimetry, particle or multi-particle velocimetry,
particle or multi-particle tracking microrheology or velocimetry,
and bio-microrheology. Actually, particle tracking has a much
older history. The term microrheology was originally coined in

1960 by my thesis supervisor at McGill, Stanley Mason
(1914-1987). As we wrote in the chapter in Eirich’s
Rheology Vol. 1V, the task of microrheology is to predict the
macroscopic rheological properties of a material from a
detailed description of the elements of which it is composed
[1]. Mason, working at the Pulp and Paper Research Institute
at McGill, realized that to understand the manner in which
an aqueous suspension of wood pulp fibers behaves in the
papermaking process, one had to start observing the motions
of individual particles. Starting much lower on the scale of
complexity, he began by studying the behavior of isolated
rigid spheres and cylinders in a simple shear flow [2-5].
Particle motions and interactions were observed under a
microscope keeping the elements in the field of view and
taking 16 mm movies. Such experiments on particle tracking
had never before been attempted nor had anyone succeeded
in building Couette and 4-Roller flow devices in which
millimeter or micrometer sized particles could be observed
and photographed while the rate of shear was varied at will.
The first paper on the rotation of glass spheres and cylinders
was published in 1951 [2].

When 1 arrived on the scene in 1958, Mason was
interested in studying particle flow behavior in Poiseuille
flow and in the subject of axial migration in tube flow.
Physiologists had for years described the existence of a red
cell-depleted layer at the periphery of blood vessels. A
device was built in which a microscope and attached movie
camera travelled along the length of vertically mounted
fixed tubes (2 — 8 mm I.D.). Rigid spheres, discs, rods and
fluid drops could be tracked in steady or pulsatile flow at
low Re. Carefully designed single particle experiments and
fluid mechanical theory showed that fluid drops, suspended
in immiscible oils, when deformed into ellipsoids in shear
flow migrate towards the tube axis [6], and so did
deformable fibers [7]. Would it also apply to red blood cells?
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2 TRACKING HUMAN RED BLOOD CELLS (RBC)

The technique was miniaturized by constructing a traveling
microtube [8,9] in which the tube (50 — 200 pm L.D.), the
supporting microscope slide and the infusion and collecting
reservoirs move in a direction opposite to that of the flowing cell
under observation, (Fig. 1).
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Fig. 1: Schematic diagram of the vertically-mounted traveling
microtube. The device consists of a vertically mounted, sliding
platform supporting a syringe infusion pump and having a built-in
microscope stage on which was mounted the flow tube lying on a
microscope slide. Both infusion pump and platform are hydraulically
driven. The optic axis of the microscope is fixed and normal to the
platform

2.1 RBC Rotation and Deformation

At low hematocrits and shear stress, 7 < 0.03 Pa, single RBC
rotate with periodically varying angular velocities as rigid oblate
ellipsoids or discs [8,10] while maintaining their biconcave shape.
As 7 > 0.03 Pa the rotational motion deviates from theory, the
cells spending more time aligned with the flow. Above a critical T,
the cell rotational motion ceases, and they align themselves with
the flow with the membrane rotating about the cell interior, as
would be the case for a fluid drop. Such behavior, first observed
for RBC in isotonic Dextran solutions [11] is shown in Fig. 2B for
RBC in 30% Dextran having 40 x the viscosity of plasma. Two-
dimensional theory in simple shear predicts that cell deformation
and membrane rotation are functions of the applied shear rate, G,
and viscosity ratio internal:external phase viscosity [12].

2.2 Rouleau Rotation and Deformation

Linear rouleaux of red cells having more than 6 cells exhibited
bending and cell deformation during the rotational orbit. At a
given G, the degree of bending increased with the number of cells.
Figure 3 shows the rotation of an 11 and a 16 cell rouleau drawn
from cine-photomicrographs at 5 positions.

Fig. 2. A: 2-mm diam. water drop in viscous oil deformed
into an ellipsoid with internal circulation, G = 1 s'. B:
Human RBC in isotonic Dextran, n = 54 mPa s deformed
into an ellipsoid-like shape at successive times in flow
down the tube, G = 1.8 s'. C: The same suspension
showing a cell (left) that had become more rigid, and right a
cell at higher G = 4.7 s™ still aligned but oriented out of the
median plane. From [8] with permission.

Fig. 3 Rotation of an 11-
and a 16-cell rouleau in
Poiseuille flow at shear
rates < 20 s™ in an 83-pym
diameter tube. Tracings of
the rouleaux from cine-
photomicrographs during
one half orbit between
positions 1 and 5 showing
bending during rotation in
the quadrants under com-
pressive normal  fluid
stresses (position 2),
accompanied by distortion
of individual RBC in the
chain. The rouleaux tended
to straighten out in the
next quadrant under ten-
sile stresses (position 4).
Such “springy orbits had
previously been observed
with model nylon, dacron,
and rayon filaments [13].
After [8] with permission

2.3 Radial Migration of RBC

The vessel boundary has an effect not only on both the
rotational and translational velocities of particles within one
or two cell diameters from the wall, but also by generating
radial components of velocity. Two mechanisms operate for
particle migration in tube flow:

(a) Migration due to particle deformation. Fluid drops and

flexible fibers, suspended in Newtonian media undergoing
Poiseuille flow in the creeping flow regime, migrate towards
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the tube axis [6,14,15]. Rigid particles do not migrate. Single red
blood cells and rouleaux under conditions of negligible fluid
inertia migrate radially inward, whereas aldehyde-fixed, rigid
RBC do not migrate, Fig. 4 [16].

Fig. 4. Number concentration distribution of normal (RBC)
and glutaraldehyde-hardened red cells (HBC) in an 83 ym
diameter tube, 1 cm downstream of its entry from a reservoir.
Plot of the number of cells/cm® n(R), at intervals of one tenth
tube radius (R,) divided by the number/cm® in the reservoir,
n,, against the dimensionless radial distance R/R,. For
uniform concentration of cells across the tube n(R)/n, = 1. It
is evident that the deformable RBC undergo appreciable
migration away from the wall, especially in the more viscous
dextran solutions. By contrast, the rigid HBC are fairly
uniformly distributed across the tube except close to the wall
where no particle centers can approach closer than ~3 pm.
From [16] with permission.

(b) Migration due to inertia of the fluid. At higher Re, there is a
two-way lateral migration seen with rigid spheres and cylinders
[tubular pinch effect, 17,18]. Rigid RBC in low viscosity Ringers
solution at higher Reynolds numbers exhibit the tubular pinch
effect, as do normal red cells, but the equilibrium position of the
latter is closer to the tube axis than that that for rigid cells [16].

The relevance of radial migration of RBC due to deformation or
inertia of the fluid as in the tubular pinch effect is discussed below
in the section on cell flow behavior in whole blood.

3 FLOW BEHAVIOR OF RBC IN WHOLE BLOOD

In order to observe the motions of RBC in flowing blood at
normal hematocrits, it was necessary to render the blood
transparent to transmitted light. This was achieved by subjecting
red cells to sudden osmotic lysis using hypotonic phosphate buffer
and then reconstituting them by restoring the normal ionic strength
of blood. The resulting ghost cells were then resuspended in the
plasma when they were found to resume a biconcave shape [19].
Tracer red cells, platelets or white cells were then added, and their

motions in flow of 10 — 91% by volume of ghost cells were
clearly visible. Studies of tracer cells in tubes of diameters
from 60 — 150 um at flow rates, Q, from 0.3 - 43 uL s [19]
revealed non-Newtonian flow behavior similar to that
observed in concentrated oil-in-oil emulsions [19-21].

3.1 Blunting of the Velocity Distribution

At ghost cell concentrations > 20%, the velocity profile
were blunted from the parabolic with a central region of plug
flow in which the tracer RBC traveled with maximum and
identical velocities, uy, < U(0), the centerline velocity in
Poiseuille flow at the same Q. As with oil-in-oil emulsions
[21], at a given concentration and tube radius R,, the degree
of blunting decreased with increasing Q (Fig. 5SB), in striking
contrast to the velocity distributions observed in
concentrated suspensions of rigid discs and spheres, in
which the velocity profile and degree of blunting are
independent of the flow rate at very low Re [22]. The
difference is due to the deformabilty of the oil droplets and
that of the ghost and red cells, that increases with increasing
fluid stress as Q increases. The remarkable deformation of
RBC at ghost cells concentrations > 40% is discussed below.

Fig. 5. Blunting of the velocity distribution in a transparent
suspension of ghost cells in plasma. Plot of the
dimensionless tracer cell velocity u(R)/U(0) vs relative tube
radius R/R,, showing the effect of A: ghost cell concentration
¢ = 93% left and 38%, right; B: flow rate at c = 43%, Q = 8.8 x
10 left and 5.36 x 10° pL s™ right; and C: tube radius R, =
31.4 and 78.8 pym, respectively, ¢ = 0.60. Solid lines are the
best fit through the experimental points; the dashed lines are
the parabolic distribution that would have been observed in
Poiseuille flow. The difference between U(0} and uy reflects
the degree of blunting of the velocity profile. From [19] with
permission.
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It should be noted that the blunting observed at low Re in the
absence of inward migration in concentrated suspensions of rigid
or deformable spheres and normal RBC is due to particle
crowding [23].

3.2 Deformation of RBC due to shear and particle crowding
In flowing concentrated emulsions the drops are distorted from
prolate ellipsoids into irregular shapes [21]. The distortions of the
tracer RBC in ghost cell suspensions >40% by volume are even
more striking and unlike the emulsion droplets, are seen even at
very low shear stresses (< 0.03 Pa) at which isolated RBC in dilute
suspensions of plasma undergo periodic angular rotation without
deforming [8]. As seen in Fig. 6 at 55% by volume of ghost cells,
the RBC spend much of their time aligned with the flow. The
membrane may rotate about the interior in an irregular mode [19].

Fig. 6. Tracings from photomicrographs of the successive
deformations of a tracer RBC in a 55% ghost cell suspension
flowing through a 100 pm diameter tube. The cell, situated at a
radial distance R - ~0.6R,, traveling at 260 pm s is shown at 7.2 ms
intervals, almost always aligned in the direction of flow. From [24]
with permission.

The ability of human and many other mammalian red cells
to deform and squeeze past each other in flow is likely to be
the major reason for the remarkably low viscosity of whole
blood at moderate and high shear stresses — see Fig. 7,
below, that compares the relative viscosity of whole blood as
a function of RBC concentration (hematocrit) with that of
suspensions of rigid spheres, discs and emulsion droplets.
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Fig. 7. Relative viscosity (viscosity of the suspension/viscosity of
suspending phase fluid) of human red cells in plasma at shear rates >
100 sec” (@) as a function of particle volume fraction (hematocrit)
compared to suspensions of rigid spheres (ll) and rubber discs in
glycerol (®), and emulsions of deformable oil droplets in water (A ).
Note the striking effect of a change of shape and rigidity on red cell
viscosity for sickled cells (CI).

3.3 Convective dispersion of cells

In view of the observed migration of red cells away from
the tube wall (Fig. 3), one might expect a significant
reduction in cell concentration at the vessel periphery even
at normal hematocrit. However, it is unlikely that, in
microvessels ~100 um diameter, such a cell-depleted zone is
larger than 5 pm in width. The resistance to crowding at
normal hematocrits opposes any appreciable inward cell
migration, such as occurs at lower hematocrits. At the
microscopic level, the resistance to crowding is seen as a
series of continuous collisions between deformed red cells
that produces a marked dispersion of all corpuscles and the
surrounding plasma, as illustrated for red cells in Fig. 8.
Measurements of the mean square radial fluctuations of the
paths of tracer red cells and 2 pm diameter latex spheres in
ghost cell suspensions at G < 30 s™ were used to compute
dispersion coefficients. These were found to be two orders
of magnitude greater than the Brownian translational
diffusion coefficients of the particles in plasma [16,19]. The
dispersion coefficients were also in fair agreement with
platelet diffusion coefficients obtained from measurements
of their dispersion in flowing blood [25]. As a consequence
of the radial fluctuations in the paths of the cells, there are
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frequent cell-vessel wall collisions - an important mechanism for
blood platelets to come into proximity with, and adhere to,
damaged endothelium thereby repairing the wall and avoiding
penetration of blood into the tissues.

When groups of tracer RBC were followed for long times in the
plug flow region, while plotting their relative positions, upstream
or downstream of a reference RBC, it was found that there existed
a small but measurable velocity gradient at radial positions within
the central core ~ 0.20 and 0.12 s in the 77 and 155 um diameter
tubes, respectively, shown in the figure below.

Fig. 8. Radial dispersion of the paths of tracer RBC in a 40% ghost cell
suspension in flow through a 77 pm (left) and a 155 pm diameter tube (right).
Plot of relative radial position vs time. RBC located between 0.4 and 0.8R, had
the largest radial displacements, the root mean square displacement being
3.32 and 3.84 pm in the 77 and 155 pm tubes respectively. For RBC near the
tube axis they were 2.00 and 1.62 pm, in the 77 and 155 pm tubes, respectively.
In the 50 s sequences shown, the RBC in the periphery spent about 19% of the
time in apparent contact with the wall. Note that the radial dispersion was
transmitted into the central region of plug flow of zero measurable G: ~ 0.27
and 0.19R, in the 77 and 155 pm tubes, respectively. From [19]. with
permission.

3.4 Aggregation in whole blood at low shear stress
Paradoxically, the formation of a peripheral cell-depleted layer

in vitro is much greater at low tube and wall shear rates when

aggregates of RBC (rouleaux) are observed to form, than at higher

and physiologically representative shear rates in the absence
of such aggregation. This happens despite the fact that net
inwardly directed fluid mechanical forces depending on the
deformation of the RBC, and the shear and normal fluid
mechanical forces are much lower under slow flow
conditions. Observations made in the traveling microtube
show that, with decreasing flow rate, RBC aggregation into a
network of rouleaux of rapidly increasing size occurs as the
aggregates migrate away from the tube wall. At first there is
still a velocity gradient in the axial network of rouleaux, but
as the flow rate decreases further, a two-phase flow has
developed. It consists of a large central compact network of
aggregates of varying radius undergoing plug flow,
surrounded by a peripheral layer consisting of single smaller
rouleaux, white cells and platelets [26]. The latter were
expelled from the red cell core into the periphery, a process
called margination. The upper left panel of Fig. 9 (overleaf)
shows measurements of the relative core radius r./7, (r, =
tube radius, 172 um) against flow rate U (tube diameters/s)
in 34% RBC suspended in buffered Dextran of 110 kDa
Mol. Wt. It is evident that as U < 2.0 a core of RBC of
rapidly decreasing relative radius develops. At the same flow
rate, the hydrodynamic resistance, R = dynamic pressure
drop/flow rate (lower left panel) that has been increasing
with decreasing U, now decreases as the core relative radius
dcreases. By contrast, the resistance of a suspension of RBC
in a 10% serum albumin buffer in which there is no
aggregation, continues to increase with decreasing U .

The large standard deviations in the mean r./r, (the bars in
the graph) indicates that there are large variations in r, along
the length of the tube.

4 ADHESION OF BLOOD CELLS

Measuring the physical strength of the bonds linking
biological cells to each other and to surfaces is important for
characterizing adhesion processes that occur in the
circulation and elsewhere, such as cancer metastasis, platelet
thrombosis and leukocyte margination and extravasation in
the venules of the microcirculation.

The development of the traveling microtube technique was
now used to study two-body collisions between colloidal
size latex spheres suspended in simple and polyelectrolytes
[27,28]. It was shown that by cinefilm recording of the
trajectories of the colliding particles one could compute the
electrostatic repulsive and van der Waals attractive forces
acting between sphere surfaces as these approach within 50
nm of each other.

4.1 Force to rupture receptor ligand bonds

Figure 10 shows 2 rigid spheres suspended in a liquid of
viscosity n colliding with each other in a simple shear flow
at a shear rate G near the wall of a vessel. A doublet forms,
whose axis lies at an angle ¢; to the X,-axis of the shear
field: u; = GX,, uy, u; = 0, and at an angle 6, to the X;- or
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Fig. 9. Plots of the mean relative red blood cell core width. r/r,, (upper panels) and hydrodynamic resistance, R
(lower panels) as a function of linear flow rate U at 34 and 46% hematocrit, 7, = 172 pm. Also shown are values of R
obtained in a 10% albumin buffer (no RBC aggregation) and in citrated and heparinized blood where there is
significantly less aggregation than in RBC dispersed in 1.5% Dextran 110. From [26], with permission.

vorticity axis. Sphere centers are separated by a distance s and
sphere surfaces by a distance h. In the presence of an interaction
force F;,(h), the trajectory of the spheres is given by [29]:

3n ds _ A(s)

C(s*) dr  C(s*) M)

37mGb* sin” 0, sin2¢, + Fyy (h),

where A(s*) and C(s*) are known dimensionless functions of s* =
s/b. If a collision results in the formation of a permanent doublet
due to a bond between receptors on adjacent spheres and a
bivalent ligand, then if the doublet is rigidly linked, and with ds/dt
=0:

A(s*)
C(s*)

Using a general method for calculating forces, torques and
velocities of two interacting rigid neutrally buoyant spheres in
shear flow [30], expressions for the normal force F, acting along,
and the shear force F acting normal to the axis of the doublet have
been derived [31]:

Fini(h) = 37Gb* sin” 6, sin2¢,

2

Fig. 10. 2-body collisions of
equal-sized rigid spheres in
simple shear flow, with origin at
the center of rotation of the
doublet. Coordinates (X;,X>X3)
and (0,,¢;) are constructed at
the mid point of the doublet axis.
From [32] with permission
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F, = a,(h)nGb’ sin20, sin 24, (3)

FS = alz(h)GbZSinel X
5 1/2
(251n26100s2¢1 - 1) sin2¢1 + 0052910052¢1 4)

1- sin2610052¢1

where a3(h) and a;,(h) are force coefficients, weakly dependent
on the minimum distance of approach, h.

4.2 Force to break-up doublets of spheres cross-linked by
ligand

Using a new model of the counter-rotating cone and plate
rheoscope [33,34] we measured the time and force dependence of
the break-up of doublets of sphered, swollen and fixed human red
cells (SSRC) cross-linked by monoclonal IgM antibody in Couette
flow [34]. It was shown that break-up is a stochastic process that
can occur by extraction of antigen receptors from the cell
membrane rather than by antigen-antibody break-up. We therefore
prepared carboxyl-modified latex spheres having a covalently
linked synthetic blood group B antigen trisaccharide [35]. We
studied the shear-induced break-up of doublets of the antigen
spheres cross-linked by monoclonal IgM antibody in buffered
Dextran 40 (viscosity = 9.7 mPa s) to increase shear stress and
reduce sedimentation of the spheres [35]. As can be seen in Fig.
11, there was a distribution in times to break up with the data
binned into 4 force ranges. Break-up in the 2 lowest force ranges
was very low (and not significantly different) but increased with
increasing force, F, with the upper 2 ranges being significantly
different. The fraction of break-ups of the latex sphere doublets
was lower than that of the SSRC doublets in Dextran.
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Fig. 11. Graph of fraction of breakups per doublet rotation: the fraction of
the total number of doublets of antigen latex spheres cross-linked by
monoclonal IgM observed in that rotation breaking up after onset of shear.
Latex antigen spheres were suspended in 19% Dextran 40 and 75 pM IgM.
Results were binned in 4 force ranges. From [35], with permission.

Computer simulation using a stochastic model of break-up
[35] showed that the difference between the antigen sphere
and SSRC doublet break-up was due to a change in bond
character (the range and depth of the bond energy minimum)
rather than to an increase in the number of bonds linking the
antigen sphere doublets. This supports the notion that
antibody-antigen bonds were ruptured in the case of the
doublets of antigen latex spheres, but that antigen was
extracted from the membrane of the SSRC.

4.3 Dynamics of neutrophil aggregation in Couette flow

During inflammation, neutrophil (PMN) capture by
vascular endothelial cells is dependent on L-selectin and f3,-
integrin adhesion-receptor bonds. It has been shown that
neutrophil aggregation is analogous to this process in that it
is also mediated by these receptors, thus providing a model
for PMN aggregation [36].

Suspensions of unstimulated human neutrophils in
Tyrodes solution containing 5% or 10% Ficoll 400 (to
increase its viscosity) were subjected to a uniform shear field
in the rheoscope. Two-body collisions between cells and the
formation of doublets and higher order multiplets at G = 14 -
220 s™ were recorded with high speed video-microscopy. As
shown in Fig. 12, when two rigid spheres collide in shear
flow and form a doublet, it is subject to alternate normal
forces (compression and tension) and tangential shear forces.
The lifetime of the doublet of cells, when it is transient and
separates under tensile force, or when non-separating due to
bond formation, is a function of shear rate and shear stress.
That bond formation had occurred during a collision was
evident when doublets rotated intact well past the quadrant
in which they were subject to tensile forces.

Velocity
Profile

00 49 3

- 7

Compression Shear

Tension

7 IS s,
WIII L L A, I ISP IPPIIIIS,

Fig. 12. Schematic diagram of the rotation of a non-separating
doublet of rigid spheres in simple shear flow showing the
maximum normal compression and tension forces at orientations
of the axis of revolution (see Fig. 10) ¢,= 45 and 135°, respectively,
and maximum tangential (shear) force at ¢,= 90°.

(a) Effect of shear rate and shear stress [37]. The doublet
lifetimes, 7,4, relative to those predicted for neutral non-
ineracting spheres, Ty.,,= 37/6G, and the collision efficiency
(fraction of collisions resulting in the formation of non-
separating doublets) increased with increasing shear rate,
and at a given G with increasing shear stress. Figure 13
shows that both the rate and extent of aggregation increased
with increasing shear rate over the first 10 s of shear, and
Fig. 14 shows that the total extent of aggregation and the
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size of the aggregates increased with shear rate and shear stress.
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Fig. 13. Effect of shear rate on the rate neutrophil aggregation
in a suspension of buffered 10% Ficoll M = 5.49 mPa s)
containing 20,000 cells/uL at the shear rates, G, shown. A
marked increase in the rate and extent of aggregation was
observed. From [37} with permission.
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Fig. 14. Effect of shear rate and shear stress on the distribution of
neutrophil aggregate size after 10.8 s of shear. Histograms of the mean
fraction of neutrophils binned into singlets, doublets and triplets and
higher-order multiplets. Note the rapid increase in the % neutrophils
in multiplets in the more viscous 10% Ficoll at shear stresses from 0.36
at G=66s" to 1.2 Pa at 220 s™'. From [37] with permission.

(b) Aggregation requires maintenance of shear. In the case of
unstimulated neutrophils undergoing shear at G > 66 s™', rapidly
reducing G to 14 s resulted in rapid and complete disaggregation,
that in turn could be totally reversed by raising G back to its initial
value [37]. The effect was completely absent in neutrophils that
had been activated with 1 pM formyl met-leu-phe (fMLP), a
strong chemoattractant.

(c) Mechanism of shear dependence of aggregation. The most
likely mechanism for the existence of a threshold G for

aggregation to occur and be maintained is associated with
the cell deformation of the doublet that occurs in the
quadrant 0° < ¢; < 90° during compressive normal force
loading.

The time spent during the following quarter rotation (90° -
180°) under tensile force loading is computed to be 10.6 and
53 ms at G = 110 and 220 s, respectively [37]. From
biomembrane force probe experiments by Evans et al. [38],
these times are significantly longer than the times for a
single L-selectin-PSGL-1 bond to dissociate: ~1.5 and 0.2
ms at the mean normal forces of F, = 139 and 278 pN,
respectively. However, if multiple bonds were formed
during the previous compressive normal force loading these
times would increase as zipper like dissociation of bonds
occurs. The opportunity for multiple bond formation would
arise if flattening of the neutrophils occurred as the cells
come into close proximity under a sufficiently high normal
force and area of contact of 5 pm” (of the total cell surface
area = 240 pm?) were formed [38].

The question why does the cell not relax during the
quadrants under tensile force is likely due to the neutrophil
having a turgor pressure P. of 10 N m™ [39] and a high
internal viscosity mpyn ~ 10 Pa s. The time to relax =
P./mpyn would then be 1 s compared to a mean time under
tensile force, < 10.6 ms. Thus, the neutrophil never has
enough time to relax under force and the bonds remain
intact. As for the finding that a threshold shear rate has to be
exceeded for significant neutrophil aggregation to occur, that
could be explained by the existence of a threshold rate of
compression-force loading. Below the threshold, the rate of
formation of the contact area is not rapid enough to allow
sufficient number of bonds to form. Thus, in the 5% Ficoll at
lower shear stress the doublet lifetimes, capture efficiencies
and extents of aggregation are significantly lower than in the
10% Ficoll.

(d) Tether formation. The surface of the membranes of
resting human neutrophils is ruffled and rich in projections
called microvilli (Fig. 15). Supported by actin filaments they
protrude from the spherical surface as tiny cylinders of the
membrane. The receptor molecules L-selectin and its ligand
P-selectin glycoprotein ligand-1 (PSGL-1) are localized in
them [40]. When the neutrophil approaches the wall of a
post-capillary venule, the tip of the microvillus is most likely
to be the first point of contact [41], as a bond is formed
between L-selection or PSGL-1 and P- and E-selectin on the
venular endothelium. As the blood flow pushes the cell and
it rolls along the endothelium, the bond or bonds (preferably
located on the tip of the microvillus) experience a tensile
force that is known to shorten their lifetime, or even extract
receptor or ligand from the cell surface. It has been shown in
static experiments that under tensile forces > 64 pN the
microvillus anchorage point will stretch up to 1.9 pm length
[41]. In the experiments described in section 4.3(a), the
maximum tensile forces at G = 110 and 220 s”' were much
greater than 64 pN. Following compression, there might then
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Fig. 15. Scanning electron micrograph showing half of a human
neutrophil with typical ruffled surface showing the tips of microvilli
through two of which the cell is adhering to a latex bead coated with
anti-CD45. From [41] with permission.

be stretching of the microvillus during rotation from ¢; = 0° to
90°, resulting in tether formation. However, this would be much
less likely in freely suspended neutrophils when the molecular
point attachments are not anchored to a stationary surface. Here,
the cells rotate together and tensile and compressive forces vary
rapidly and periodically in each orbit. Nevertheless, we
occasionally observed rotation of doublets of cells, whose surfaces
were separated by clear suspending fluid and apparently linked by
an invisible flexible fiber. In these, the inter-particle distance
varied with doublet orientation. As predicted by theory [42], for
such a doublet, the period of rotation, 7, at a given G, was
significantly longer than that for a doublet of touching cells,
indicating that the individual neutrophils were capable of
independent rotation.

(e) Deformation and tether formation. Observations of neutrophils
and other leukocytes rolling along vessel walls both in vivo and in
vitro have shown that the cells are deformed with a section of
flattened surface adhering to the wall [43-45]. Most of the work on
the mechanics of rolling of leukocytes and the formation and
break-up of the receptor ligand bonds, was carried out in vitro
using a parallel plate flow chamber. These had a high ratio of
width to height so that as the cells, observed using an inverted
microscope, rolled on or were freely flowing near the lower
surface, they traveled in a two-dimensional Poiseuille flow. In the
meantime, it had become evident that, in vivo, the endothelial
cells lining the walls of the post-capillary venules (and other blood
vessels) have a layer, the glycocalyx also known as the endothelial
surface layer (ESL), at the interface with the flowing blood. The
thickness of the ESL is of the order of 0.4 — 0.5 pum [46]. The
technique used to measure the glycocalyx thickness involved the
use of high-resolution near-wall fluorescent micro-particle image
velocimetry p -PIV. Latex spheres of 0.47-um diameter were
injected into mouse cremaster muscle venules in vivo to measure
velocity profiles in the red cell-depleted plasma layer near the

endothelial lining [46]. Since the glycocalyx thickness is
somewhat greater than the mean resting length of the
neutrophil microvillus (0.3 pm, [41]), the question arises
how does the cell contact the endothelial cell membrane
ligands that only extend 20-50 nm above the plasma
membrane through the ESL. The stiffness of the microvilli is
thought to be insufficient to penetrate the ESL given the
estimates of the hydraulic resistivity and restoring forces of
the layer [46]. However, most leukocytes attach at the
entrance of postcapillary venules having just passed through
a channel of diameter smaller than its own where the
leukocyte (deformed into a cylinder) is tightly squeezed
against the capillary wall. As it exits the capillary, the red
cells behind it having been held up by the slower velocity of
the leukocyte, push past it thereby displacing it toward the
venular wall, a mechanism modeled in vitro and seen in vivo
[47]. If the leukocyte membrane is then squeezed against the
venular wall, initial bonds can form and the tension in the
selectin bond may be sufficient to overcome the restoring
force of the glycocalyx [46]. Also, there is evidence that the
ESL can change its properties in inflammation [48,49] and
facilitate rolling and adhesion of leukocytes.

Recently, there have been reports of interesting work on
neutrophil rolling using dynamic total internal reflection
fluorescence microscopy (TIRFM) that can measure the
topography of cell-substratum distances [50-52]. Blood from
the carotid artery of a mouse flowed through a set of 9
parallel polydimethylsiloxane (PDMS) rectangular micro-
channels and past a glass surface coted with P-selectin.
Neutrophils were detected rolling along the P-selectin
surface due to formation and breakage of P-selectin—PSGL-1
bonds. With the aid of a TIRFM microscope at very high
magnification and appropriate fluorescence labeling of the
neutrophils, distances between the microvillus and the P-
selectin surface were estimated. After initial bond formation
at resting lengths of 70 nm the microvilli at the leading end
of the cell were compressed to within 25 nm near the cell
center. At the trailing edge the bonds were stretched to
lengths of 125-150 nm before they broke away. Rolling at
wall shear stresses as high as 0.6 Pa were stabilized by the
formation of 3 to 4 long tethers that could remain bound to
the substrate for 1 to 10 s and extended up to 16 um behind
the rolling cells.

5 NANO RHEOLOGY

5.1 Fluorescent particles in fluids and cells

In their paper on “Particle Tracking Microrheology of
Complex Fluids” in Physical Review Letters (1997), the
group at Johns Hopkins University wrote:

“In this letter we demonstrate that microscopic tracking of
the thermally driven motion of a single particle suspended in
a complex fluid can be used to measure the fluid’s
macroscopic linear viscoelasticity over an extended
frequency range. By extracting the particle’s time dependent
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mean square displacement, <Ar’(t)>, from its trajectory measured
using laser deflection particle tracking (LDPT), we obtain the
stress relaxation modulus Gr(f) from a frequency-dependent form
of the Stokes-Einstein equation,” [53].

That is indeed microrheology, and at the nanometer level. The
technique of introducing nano-sized fluorescent particles into cells
to measure the viscoelastic properties of cytoplasm locally and
with high spatiotemporal resolution has become established [54].
It has the advantage over other single-cell mechanics (e.g. AFM)
in that it avoids direct contact between the cell surface and the
physical probe. Moreover, by tracking multiple beads
simultaneously [55], one can measure the micromechanical
responses to stimuli in different parts of the cell at the same time
and over periods much shorter than those in tracking methods that
correlate the motions between two beads [56].

5.2 Nanotubes as biomaterials

An interesting example of the use of nanostructures to direct the
differentiation of human mesenchymal stem cells (hMSC) into
osteoblasts was recently reported [57]. Nanotubes with titanium
dioxide (TiO,) surface structures and diameters from 30 to 100 nm
were prepared. Cells were cultured on their surface to determine
how the size of the tubes influenced the cellular response and
differentiation. Cells were also cultured on flat TiO, surfaces. The
results revealed a very dramatic change in hMSC behavior over a
narrow range of nanotube dimension. Cells on flat TiO, remained
rounded, cells in the 30 nm diameter tubes promoted adhesion
without significant differentiation whereas the largest diameter
nanotubes promoted a dramatic stem cell elongation with an
accompanying cytoskeletal stress and selective differentiation into
osteoblast-like cells.

It is significant that differentiation of the cells was achieved
without additional biochemical inducing agents. Moreover, the
TiO; nanotube long range structures were not patterned or highly
ordered, but they do have their own robust and discrete nanotube
shape [58]. It has also been reported that MSC cultured on highly
nanopatterned poly(methylmethacrylate) (PMMA) surfaces did
not exhibit osteogenic differentiation, whereas when cultured on
PMMA with random patterned topography, osteoblastic
morphology was promoted after 21 days incubation with cell
growth media [59].

CONCLUDING REMARKS

It has been a long journey from Stanley Mason’s first papers on
Particle Motions in Sheared Suspensions from the Pulp and Paper
Research Institute at McGill University in Montreal to present day
micro- and nanotechnology and basic research. To have lived
through the evolution of experimental and theoretical
microrheological research, and to have been able to contribute a
little to it has been a real privilege. None of this would have been
possible without the support and dedication of technicians and
graduate students. To all of you, I extend a heartfelt thank you.
Your names as well as those of my collaborators will be found as
co-authors in the publications listed below.
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