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We study experimentally the motion of non-deformable microbeads in a linear shear flow close to
a wall bearing a thin and soft polymer layer. Combining microfluidics and 3D optical tracking, we
observe that the steady-state bead/surface distance increases with the flow strength. Furthermore,
we show that such lift is in quantitative agreement with theoretical predictions based on elastohy-
drodynamics, which attribute the lift to flow-induced deformations of the layer. Thus, this study
provides the first experimental evidence of “soft lubrication” at play at small scale, in a system
relevant to e.g. the physics of blood microcirculation.

Elastohydrodynamics (EHD) is a key concept in soft
matter physics [1-3]. The coupling between flow-induced
pressure fields and elastic deformations of fluid-immersed
objects is at the heart of topics ranging from the rheol-
ogy of soft colloids [4] to microfluidic particle sorting [5]
and contact-free mechanical probe techniques [6]. EHD
is also central to biophysical problems such as swimming
of micro-organisms [7], lubrication in synovial joints or
blood microcirculation [8]. In the latter context, EHD
interactions govern the radial migration of circulating
blood cells, which underlies vascular processes such as
margination [5, 9, 10]: leukocytes and platelets are ob-
served to flow preferentially close to the vessel walls,
while softer red blood cells (RBCs) migrate away from
them. This gives rise to the so-called cell-free layer, a
pm-thick region forming near the vascular walls and de-
pleted of RBCs [11]. This has been characterized in vitro,
through shear flow experiments studying how RBCs [12]
or model vesicles [13] are repelled by a surface. The clas-
sical interpretation for the formation of the cell-free layer
is that soft RBCs flowing near a surface deform under the
fluid shear stress and experience a non-inertial lift force
that pushes them away from the wall [14]. Reflecting this,
most in vitro studies, as well as numerical [15] and the-
oretical [16] works, consider interactions between a rigid
surface and deformable cells, which adopt an asymmetric
shape under flow. Such an asymmetry of the flowing ob-
jects is pinpointed as the origin of the lift force arising at
the low Reynolds numbers typically encountered in mi-
crocirculation. In vivo, however, blood flow takes place
in compliant vessels. In particular, it is well known that
the endothelium (the inner part of blood vessels) is lined
by a glycocalyx, a thin (100-1000 nm) and soft (Young’s
modulus of a few tens to hundreds of Pa) layer of polysac-
charides bound to the vessel walls and directly exposed to
blood flow [17]. While the importance of the glycocalyx
on the overall blood microrheology is recognized [17, 18],
its quantitative influence on EHD interactions largely re-
mains to be established. More generally, the question
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FIG. 1. (a) Parallel plate flow chamber; the bottom surface is
functionalized with a HA brush via biotin/streptavidin bind-
ing. (b) Bead traveling in a locally uniform shear flow of
velocity gradient 4. Dual color RICM is used to monitor its
distance h from the substrate and its translation velocity V.

of how a thin deformable layer can contribute to “soft
lubrication” and induce lift forces has been addressed
theoretically [19-21], but has received limited attention
from the experimental standpoint, with a single study in-
vestigating at the macroscopic scale how EHD affects the
sliding dynamics of cylinders near a soft wall [22]. In this
Letter, we report the investigation of the lift experienced
by rigid spherical particles flowing in the vicinity of a sur-
face bearing a polymer brush that mimics the glycocalyx.
Using microfluidics and three-dimensional (3D) tracking,
we provide the first experimental evidence that, under
conditions of flow strengths and object sizes relevant to
blood circulation, a thin deformable polymer brush gives
rise to a sizeable lift force on circulating beads, and that
such a lift can be quantitatively described using the the-
oretical framework developed for soft lubrication.
Experiments were performed at room temperature us-
ing a parallel-plate flow chamber (Glycotech, USA) com-
posed of a spacer defining a straight channel (Fig. 1a) of
rectangular cross-section (height H = 0.250 mm, width
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FIG. 2. (a) Left: interference patterns for a bead flowing

close to a HA brush (scale bar 5 ym). Right: radial intensity
profiles (black dots) are extracted from images, azimuthally
averaged (magenta line), and fitted with an optical model
(cyan line) to determine Ameas, from which we compute h =
hmeas — hoft, With hog the offset due to the contribution of the
gold layer (See section I of Supplemental Material). (b) Time
series for h (green: A = 532 nm, magenta: A = 635 nm) and
V (blue), for a bead flowing at @ = 100 uL.min"* close to the
HA brush.

W = 2.5 mm, length L = 20 mm), sandwiched between
an upper deck with fluid inlet/outlet and a bottom sur-
face consisting of a glass coverslip functionalized with a
brush of hyaluronan (HA, the major component of the
glycocalyx, see Fig. 1la), as described below. The in-
let reservoir contained spherical polystyrene beads of ra-
dius R = 12.5 um (Kisker Biotech, Germany) suspended
in aqueous buffer (10 mM HEPES, pH 7.4, 150 mM
NaCl, 2mM CaCly, viscosity n ~ 1072 Pa.s and density
p ~ 1000 kg.m~3), while the outlet was connected to a
syringe pump (KDS Legato 110) used in withdraw mode
at controlled flow rate in the range Q = 1—200 pL.min 1.
Beads were pumped into the channel and left to sediment
under quiescent conditions onto the bottom surface of the
chamber for 5 min, after which their motion under im-
posed flow rate was monitored optically. 3D tracking was
performed by reflection interference contrast microscopy

(RICM) using a custom-made setup allowing for simul-
taneous imaging at two different wavelengths (A = 532
and 635 nm). During flow, the fringe patterns produced
by interference between the light reflected from the sub-
strate and the surface of the beads were recorded (Fig.
2a) on a CMOS camera (ORCA-Flash4.0 Hamamatsu)
at rates of up to 200 frames per second. Bead trajecto-
ries were then analyzed offline, using home-written Lab-
view routines, in order to compute for each imposed flow
rate: (i) the steady-state vertical distance h between the
substrate and the beads, and (ii) the beads’ translation
velocity V' (Fig. 1b and 2b). The absolute value of h was
determined unambiguously up to ~ 1.1 um owing to the
two-color RICM scheme used [23], with an accuracy of
~ 10 nm (See section I of Supplemental Material). The
in-plane displacements of the beads, from which V' was
computed, were determined by image correlation with an
accuracy of ~50 nm.

The surface of the coverslip exposed to the flow was
functionalized with a layer of HA, as described in [24, 25].
In brief, a 0.5 nm Ti/5 nm Au layer was evaporated onto
the cleaned glass surface. A monolayer of thiols contain-
ing end-biotinylated oligo(ethyleneglycol) (bOEG-SH)
was grafted onto the gold film. A dense layer of strepta-
vidin was bound to the exposed biotin moieties, and fur-
ther functionalized with end-biotinylated HA (Fig. 1la).
Such a procedure yields HA films that are stably bound
to the substrate and adopt a polymer brush conforma-
tion [24]. We used HA chains of well-defined molecular
weight 840460 kDa (HA840; Hyalose, USA) [26], which
under the incubation conditions used here are expected
to yield a brush of thickness 400 + 40 nm (See section IT
of Supplemental Material) and low-strain Young’s modu-
lus E ~ 100 Pa [24], closely mimicking the thickness and
softness of the glycocalyx. On such a surface, we measure
a bead height of h = 375+ 10 nm in the absence of flow.
The gravitational force exerted by a bead sedimented on
the brush reads:

AT R3
F, = 3

With g = 9.81 m.s~2 and a density difference of Ap = 40
kg.m ™3 between the beads and the suspending medium,
we compute F, = 3.2 pN. From previous mechanical
characterization of similar HA brushes [24], we anticipate
that such a low force should leave the brush essentially
uncompressed. We therefore take Hy = 375 nm as a fair
estimate of the unperturbed brush height. As a control
surface, we used a plain gold-coated coverslip passivated
by a layer of bovine serum albumin to minimize non-
specific adhesive bead/surface interactions.

An example time series obtained for A and V of a single
bead traveling across the field of view is shown in Fig. 2b.
Single bead data were time-averaged, and measurements
over ~ 50 different beads were performed under identical
flow conditions to obtain the ensemble-averaged values

glp (1)
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FIG. 3. (a) V(%) measured on control surface (A), and HA840
brushes (M, ¢, ® corresponding to three independent mea-
surements). The solid line is the GCB prediction for non-
deformable surfaces separated by 20 nm. (b) Experimentally
measured h(¥) (symbols as in (a)). Solid line indicates the
constant value of z = 20 nm used in GCB theory. Error bars
accounting for standard error and uncertainty on h and V are
about the size of the symbols.

of V' and h shown respectively in Fig. 3a and 3b as a
function of the imposed wall shear rate ¥ = 6Q /(W H?),
on both the gold and HA surfaces.

On the control surface, we observe that V increases
linearly with 4, while A remains small and constant at
15 4+ 10 nm over the range of shear rates explored (Fig.
3, triangles). When beads are flowing past a HA brush,
their velocity increases linearly with 4 and h remains
close to Hy at shear rates below ~30 s~!'. However, in
contrast with the control surface, we see that, for 4 >30
s~!, V grows more than linearly with 4 while h steadily
increases and reaches up to 900 nm at the largest shear
rate (Fig. 3). We thus observe a sizeable lift of the beads
away from the brush, and now discuss the possible origins
of such a phenomenon.

Given the maximum Reynolds number in our experi-
ments, Re = YR?p/n ~ 1072, we first compare the re-
sults from the control experiment with the theory de-
veloped by Goldman, Cox and Brenner (GCB) to de-
scribe the motion of a rigid bead in a shear flow past
a non-deformable surface [27]. In the limit where the
bead/surface distance z < R, GCB predict that the bead

translation (V) and angular (§2) velocities (Fig. 1b) de-
pend on z and ¥ as [28]:

(14+2/R)
0.7625 — 0.2562In(z/R)

V =4R (2)

_ ¥
2= 1.6167 — 0.44741n(0/R) ®)

Using Eq. (2), we obtain excellent agreement between
GCB theory and our data on the control surface when
setting z = 20 nm (solid lines in Fig. 3), which is quan-
titatively consistent with the measured values of h. The
results of our control experiment therefore match very
well the theoretical predictions for a rigid sphere flowing
in quasi-contact with a rigid plane.

In order to address the substantial lift of the beads on
the HA surface, we first consider whether inertia forces
could be at play. Even at the low Re where GCB as-
sumptions apply, it has been shown that an inertial lift
force can act on a bead moving close to a wall in a lin-
ear shear flow [29, 30]. Cherukat and McLaughlin have
computed an expression for this inertial lift force, valid
in the limit z < R [30]:

Fy, = pR2V;~2I(AG7 K) (4)

where V. =V — 4(R + z) is the difference between the
bead velocity and the fluid velocity at the location of the
bead center of mass, and I(Ag, k) is given by

I =[1.7669 + 0.2885x — 0.9025x2 + 0.507625+%]  (5)
— [3.2415/Kk + 2.6729 + 0.8373x — 0.4683k%]A¢
+ [1.8065 + 0.89934x — 1.961x% + 1.02161x%]AZ

with A¢ = ¥(R + 2)/V, and kK = R/(R + z). Taking
V =900 um.s™!, k ~ 1, and ¥ = 128 s~!, we estimate
the maximum inertial lift force to be Fj, ~ 1.9 pN, which
is lower than Fy. Therefore, inertial effects alone cannot
induce a significant lift in the range of shear rates ex-
plored here, in agreement with our control experiment.

The other mechanism that can lead to lift at low Re is
due to elastohydrodynamics, as predicted by theoretical
works [19-21]: in the presence of a surface-borne thin and
soft layer, its asymmetric elastic deformations (see inset
of Fig. 4a) induced by the pressure field in the lubricating
fluid are expected to give rise to a lift force (Fgup) on a
rigid sphere. To test whether elastic deformations of the
HA brush could be responsible for our observations, we
start from the expression derived by Urzay et al. [21] for
Fenp:

,,72R2H0V'82 48_71’
125 ' 25(1+w) R

- Ar(19 + 14w) 6
Fgnp = Ot 21008 ) (6)

with 7 the fluid viscosity, Hy the layer thickness, A and
v its Lamé elastic coefficients, § the distance between



the bead and the top of the layer (see Fig. 4a insert),
Vo=V —-QR,and w = —QR/V.

At a given shear rate, the steady-state value of § is set
by the balance of vertical forces on a bead:

Feup + Fin = Fy (7)

We further assume that the brush is not penetrated by
the shear flow (i.e. the no-slip plane of the shear flow
is located at the top of the brush) [31]. We thus replace
z by § in Egqs. 2—5, and use GCB results to compute
Vi (%, 9), Vi(%, d), and w(%, 6). Doing so, the force bal-
ance becomes an equation that depends on § and contains
otherwise only known parameters. The theoretical values
for § can thus be determined at the various imposed
by solving Eq. (7), taking for R, p, Ap, n and Hy the
values mentioned earlier in the text. Following the argu-
ment given in [20], we take values of the elastic moduli
corresponding to conditions where water is free to diffuse
over the brush thickness during the passage of a bead
(See section IIT of Supplemental Material). The Young’s
modulus of the brush is thus set to £ = 100 Pa, as mea-
sured previously [24], and its Poisson ratio to v = 0.3,
a typical drained value for polymer networks [32], from
which we get A +2u=FE(1 —v)/[(1+v)(1 —2v)] ~ 135
Pa.

The resulting theoretical predictions for h(§) = §(%) +
Hy are compared with our data in Fig. 4a. The agree-
ment is found to be very good: as observed experimen-
tally, the theory predicts a lift that stays limited (< 50
nm) at shear rates below 20 s~! and gradually increases
up to ~ 500 nm above the brush at larger 4. Changing
the Poisson ratio to v = 0.2 or 0.4 only marginally affects
the agreement (shaded area in Fig. 4a). Eliminating the
inertial term in the force balance to account only for EHD
(dashed line in Fig. 4a) demonstrates that inertial effects
become significant only for 4 > 50 s~', and that EHD
alone accounts for about 75% of the lift observed at the
highest shear rate. Furthermore, the magnitude of the
experimental velocities is comparable to that predicted
by GCB at the corresponding % and ¢ (Fig. 4b). Al-
though the theory tends to overestimate the measured ve-
locities by 10 to 20% at high shear rates, the non-linearity
of the V(%) curves is quantitatively captured (Fig. 4b
inset). The model being free of adjustable parameters,
the overall agreement with experiments is therefore ex-
tremely satisfactory. The slight discrepancy on velocities
may result from the fact that GCB theory does not ac-
count for perturbations of the flow profile induced by the
sheared brush, which can be sizeable as shown in recent
numerical simulations [33]. This point would require ad-
vanced modeling efforts that are beyond the scope of the
present study.

In summary, our work shows how a compliant layer
affects the near-wall motion of microparticles. Our ob-
servations are quantitatively supported by theoretical
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FIG. 4. (a) h(¥) data on HA brushes (symbols), and theo-
retical predictions for (%) + Ho including (red solid line) or
neglecting (blue dashed line) inertial lift forces. The shaded
area is bound by the predictions for v = 0.2 (above) and
v = 0.4 (below). Inset: sketch of the asymmetric layer defor-
mation giving rise to EHD lift. Deformation extends laterally
over a typical length scale v/RS. (b) Experimental (symbols)
and theoretical translation velocities (red line, shaded area
computed as above). Inset: measured and predicted devia-
tion from linearity, AV = V(%) — 5%, with S the slope in the
limit of small shear rates.

predictions based on EHD, thus providing direct evi-
dence of soft lubrication at play at small scales. This
is likely to have significant influence on the behavior of
RBC in blood circulation. Indeed, we compute that the
contributions to lubrication forces of wall deformations
can be comparable to that of cell deformations. For in-
stance, a RBC (R ~ 3 pum) flowing in plasma (n ~ 1.5
mPa.s) under a physiological shear rate 4 ~ 100 s~! ,
at a distance § ~ 0.5 um from a pm-thick glycocalyx,
would experience a force Fgyp ~ 0.15 pN due to gly-
cocalyx deformations (Eq. 6). From a recent study of
the drift velocity v, of RBCs under shear [12], we com-
pute v, = B%/(R + §)? ~ 3um.s~! at the same § and
4, with 8 ~ 0.36 um3 determined experimentally [12].
This translates into a lift force due to cell deformation
Feen ~ 6mnRu, ~ 0.25 pN. It thus appears that the con-
tributions of cell and wall deformations to lubrication
forces are of comparable magnitude at sub-um distances
from the wall. In conclusion, the present study underlines



the important, yet often overlooked, mechanical role that
the soft endothelial glycocalyx is likely to play in regu-
lating cell/wall interactions in blood flow.
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SUPPLEMENTAL MATERIAL

I Reflection Interference Contrast Microscopy

RICM fringe patterns were fitted with a one-layer optical model accounting for bead curvature and assuming
refractive indices of BK7 glass for the substrate, polystyrene for the bead, and water for the intermediate medium
(the effect of HA chains on the fluid refractive index is negligible). The contribution of the Ti/Au layer on the
glass substrate was treated as a constant offset on the computed distances. We measured this offset hog beforehand
by fitting interference patterns of beads in adhesive contact with the bare gold layer, and subtracted it from all
subsequently measured heights to compute the actual distance h between the beads and the surface of the gold layer.
The accuracy on h was limited by the uncertainty resulting from the offset determination, which, due to minute
variations in the gold thickness over the substrates, was +10 nm.

IT Estimation of the HA brush thickness

In a previous study [24], we have shown that brushes made using HA of molecular weight 1080 kDa (HA1080) have
a thickness h ~ 550450 nm. From polymer brush theory, we expect the thickness of the polymer layer to scale linearly
with the contour length, l., of the HA chains. Using [, ~ 2.9 um [24] and [. ~ 2.1 um [26] estimated respectively
for HA1080 and HA840, we thus anticipate the thickness of the HA840 brushes used here to be h ~ 400 + 40 nm at
comparable HA surface density.

III Estimation of the brush poroelastic time

Following [20], we compute the poroelastic time as 7, ~ Hgn/(E¢?), with E the drained Young’s modulus (i.e. the
modulus measured when fluid is free to flow in or out of the brush), and ¢ a typical mesh size which we approximate
by the distance between the tethering points of the HA chains. Taking £ ~ 100 Pa and ¢ ~ 50 nm, we obtain
7, =~ 5.107* 5. This is to be compared with the characteristic probe time in the experiments, given by Tex, ~ \/ﬁ/ 1%
[20], which we compute from our experimental data to be at least on the order of Texp ~ 3.1072 s. Under such
conditions where Toxp > 7, the fluid is free to flow over the brush thickness during the passage of a bead. This implies
that we should feed the model with the so-called “drained” values of the brush elastic moduli.



