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Abstract: Atherosclerosis is a chronic inflammatory disease that results in the formation of lipid-
rich lesions and stiffening of arterial walls. An increasing body of evidence suggests that nearly all
members of the leukocyte family accumulate within atherosclerosis-prone arteries and participate in
various stages of disease progression. Recently, it has been proposed that progressive changes of the
elastic modulus of the arterial wall during plaque development may directly influence the kinematics of
leukocyte rolling. In the present study, we propose that rigidity sensing of rolling leukocytes may occur
spontaneously due to the stiffness-dependent elastic instability of reversible bonds between rolling
leukocytes and the arterial walls. This effect is mechanistic in nature and operates independently
of cell biochemical signaling. To partially test this hypothesis, we measured the rolling velocities
of functionalized microparticles, comparable in size to leukocytes, interacting with E-selectin coated
substrates of controlled stiffness. The kinematic analysis of the particles’ motion reveals a larger
rolling velocity on softer substrates, aligning with previous reports regarding monocytes. A simple
kinetic model for a cluster of reversible bonds formed between a cell and the underlying substrate
demonstrates that the critical forces needed for bond disassembly decrease as substrate stiffness
decreases. Consequently, bonds are more likely to break on softer substrates, resulting in enhanced
cell mobility.
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1. Introduction

Leukocyte rolling on vascular endothelium is the key part of the immune surveillance response [1].
Adhesion of leukocytes to the apical surface of endothelial cells (ECs) is afforded by specific binding
between selectins — a major family of EC receptors — and the oligosacharide moieties of ligands that
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are constitutively expressed on the surface of leukocytes [2,3]. Due to the reversible binding between
ligands and receptors, leukocytes are captured by ECs and begin to roll on the vessel wall as directed by
the hemodynamic flow. The chemistry of binding between selectin family members and their cognate
ligands is extensively studied in the past. Activated ECs express E- and P-selectin at their luminal
surface that recognize a range of distinct glycoconjugates present on leukocyte surface [4,5]. ESL-1
and PSGL-1 are high-affinity ligands for E- and P-selectin receptors that are expressed on the surface of
most circulating leukocytes [6—8]. For example, it is known that the C-type lectin domain of selectin
binds to NH,-terminal sLe*-containing and a nearby tyrosine sulfate residue of PSGL-1 [9]. These
specific bindings play a key role in leukocyte adhesion and rolling.

The crawling motility of some cells such as endothelial, fibroblasts and smooth muscle cells is
known to be highly dependent on substrate stiffness [10, 11]. While still an open problem, the
fundamentals of this phenomenon have been studied extensively [12, 13]. The rigidity sensing of
blood-borne leukocytes, however, is not systematically examined in the past. Understanding how
circulating leukocytes respond to the variation of substrate stiffness may reveal hitherto unknown
aspects of leukocyte recruitment to atherosclerotic lesions [14]. The hallmarks of atherosclerosis are
deposition of lipids at arterial walls followed by calcification and plaque accumulation through
necrosis and fibrosis [15]. Homing and migration of leukocytes into the inflamed artery is an essential
step in progression and growth of the atherosclerotic lesions. Recently, it has been proposed that
enhanced recruitment of leukocytes might be caused by increased arterial stiffness. Vascular stiffness
of atherosclerosis-prone artery can be increased to up to 100 kPa, significantly larger than that of a
healthy artery [16]. Mackay and Hammer [17] measured the rolling velocity and capturing efficiency
of monocytes in a creeping flow regime on soft substrates coated with selectin. Their measurements
revealed a direct correlation between the rolling velocity of monocytes and the stiffness of underlying
substrate. Decreasing the stiffness of substrates coated with E-selectin at constant site density from 20
to 1 kPa led to a higher average rolling velocity of cells. In contrast, substrate stiffness had a minimal
impact on cell kinematics when substrates were coated with P-selectin. The latter was attributed to the
higher binding affinity between P-selectin and PSGL-1 amino terminus. However, how substrate
stiffness regulates the kinematics of leukocytes in presence of E-selectin is yet to be determined.

In this contribution, we propose that rigidity sensing by leukocytes rolling on substrates coated
with E-selectin could be a mechanical process, independent of cell internal signaling. To demonstrate
this in vitro, we substitute leukocytes with polystyrene particles of comparable size (~ 10 um) that
are coated with PSGL-1. We use a novel flow chamber with controlled substrate stiffness for this
purpose and measure the rolling velocity of microparticles perfused over hydrogel substrates coated
with E-selectin. By comparing these recorded velocities to the findings of Mackay and Hammer [17]
concerning monocytes, we show that PSGL-1 coated microparticles exhibit a similar sensitivity to the
mechanical stiffness of the underlying substrate. We present a simple model for stability of the contact
zone between a rolling cell and the underlying substrate. It is essential to emphasize that the primary
objective of presenting this model is not to simulate the motion of a leukocyte rolling on a soft surface.
Instead, we solely focus on the stability of bonds assembled at cell footprint. The model reveals that
substrate stiffness controls the bifurcation instability of assembled bonds and therefore could be a
mediator for rigidity sensing of rolling cells.
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2. Materials and methods
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Figure 1. (a) Top and (b) side view of the custom-designed flow chamber. (c) A temporal
snapshot of particles perfused in the flow chamber (scale bar: 100 um). (d) Synthesis of PA
gels with controlled stiffness coated with E-selectin receptors.

Synthesis of Gel: The chamber presents two different substrates with vastly different rigidities to
the flowing particles (Figure 1). One side is made of the 3D printed resin, hereafter referred to as the
rigid substrate. The other side is a reservoir filled with a polyacrylamide (PA) gel, hereafter referred to
as the soft substrate. PA gels were polymerized with crosslinking of acrylamide and bis-acrylamide at
different mass concentrations to make gels with a Young’s modulus of 5, 10 and 20 kPa [18]. The
polymerization was initiated by ammonium persulfate (APS) and tetramethylethylenediamine
(TEMED) (Bio-Rad Laboratories) at a concentration of 0.1 % w/v. Gels were subsequently coated
with recombinant human E-selectin—Fc chimeras (R&D Systems) (Figure 1). Selectin—Fc was
conjugated to the gel surface using biotinylated-Protein G (ThermoFisher Scientific) [19]. Protein G
was dissolved in PBS at a concentration of 20 ug/mL and added to the surface of the gels. Gels were
incubated for 2 hr and then washed with PBS. E-selectin-Fc was dissolved in PBS at a concentration
of 10 ug/mL and the solution was added to the surface of the gel. Gels were consequently incubated
for 2 hr, rinsed gently with PBS and kept at 4 °C.

Preparation of Microspheres: Protein A-coated polystyrene beads (CP02 N, Bangs Labs) with a
diameter of ~ 10 um were washed with PBS and subsequently centrifuged and separated from the
supernatant. The washed particles were incubated with 100 ug/mL PSGL-1-Fc chimera solution (R&D
Systems) for 2 hr at room temperature. After incubation, the particles were rinsed gently with PBS [19].

Parallel Plate Flow Chamber: The design process of the novel flow chamber used in this study is
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explained in detail elsewhere [20]. In summary, the chamber was 3D printed with a stereolithography
printer using a general purpose acrylic resin. The effective dimensions of the 3D printed chamber
are 60 X 10 x 0.25 mm. Two major design criteria were considered in determining the interior
dimensions of the chamber: (1) achieving laminar flow under fully developed conditions and (2)
preventing the sedimentation of flowing particles. To have a laminar flow, the Reynolds number, R,,
was set below 2,000 [21]. To ensure that the flow in the chamber is fully developed, the entrance
length, /., was set equal to [, = 0.06R,D with D = 4A/P,,, where A and P,, show the cross-sectional
area of the chamber and its wetted perimeter, respectively [21]. If the flow is not sufficiently fast, the
particles may sink due to their larger specific density compared to the surrounding fluid. To prevent
sinking, the velocity of the particles in a laminar flow has to be sufficiently larger than the settling
velocity. The terminal velocity of a single particle can be found using the Stokes’ law

Vi = dlzy(pp _pm)g
0~ 18u

where g is the gravity acceleration, p, is the particle’s mass density, d,, is its diameter, p,, is the density
of the fluid media and u is the viscosity of the fluid. The settling velocity V, of dilute suspensions
in creeping motion can be obtained using Happel and Famularo’s theory [22] for randomly dispersed
spherical particles as

2.1

Vo

= Ty (2.2)

s

where v = 1.30 and ¢ is the volume fraction of particles in the media.
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Figure 2. (a) As the rolling cell moves forward the ligand-receptor bonds at the cell footprint
are strained. The complex geometry of the bonds is simplified by a cluster of N, linear
springs between the cell and substrate. The dividing gap distance between the surfaces is &
and 6 shows the angle between the tilted bonds and the underlying substrate. (b) Variation
of (normalized) stiffness of the binding sites with the Young’s modulus of the substrate, as
indicated by Equations (2.7) and (2.8).

After in situ curing of the PA gel inside the chamber, it was cleaned and the excess amount of the
gel was brushed off. A teflon film with an approximate thickness of 300 um was placed between the
top surface of the chamber and a coverslip. The assembly was tightly clamped to prevent leakage. The
inlet tubing was connected to a syringe pump (Harvard Apparatus) for adjusting the flow rate and the
outlet tubing to a reservoir. The chamber was placed on the stage of an inverted light microscope. The
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shear stress generated by the flow, 7, must be within the range 50 — 200 mPa, comparable with the
measured shear stresses in the post-capillary venules in vivo [23]. The required flow rate, Q, to reach
the desired shear stress was calculated using

e

2w
where A, is the effective height of the chamber (including the thickness of gasket). The experiments
were conducted at a flow rate of 0.7 mL/min. Taking into account the chamber’s effective dimensions,
this flow rate results in a shear stress of 90 mPa. The fluid velocity V = Q/h.w was set to be greater
than the settling velocity shown by Eq. (2.2). The beads suspended in distilled deionized water were
perfused in the chamber at room temperature. A 10x phase objective was used to continuously monitor
and record the beads motion. The trajectories were recorded and velocities were calculated using
Imagel.

(2.3)

Theoretical Model: Figure 2(a) schematically illustrates the contact zone between a rolling
leukocyte and the underlying substrate. Reversible bonds form within this zone, which is significantly
smaller than the cell size. These newly established bonds start stress-free and gradually stretch as the
cell rolls forward and the gap distance /& between the cell and substrate widens. Since this gap
distance is significantly smaller than the cell radius, the contact zone may be regarded as two parallel
rectangular plates [24]. The surface density of receptors on the top plate (cell) is presented as N,/A
where N, stands for the total number of receptors and A is the area of the contact zone. The areal
density of substrate ligands is denoted as ¢; and is assumed to be substantially larger than the receptor
density on the cell surface [25]. The plates are conjugated via N, specific bonds, distributed across the
area A. The bonds are oriented at angle 6 with respect to the horizontal substrate. The binding kinetics
between ligands and receptors can be expressed as

dN, N, - N, Ny

= L 2.4
aa e kg 24

where k¢ and k, are the binding and unbinding rates between ligands and receptors, respectively. At
steady-state, dN,/dA = 0 and [26]

kg —ki(lp — lp)*
k_r =K, exp[—kBT ]
where [, = h/sin 6 denotes the length of stretched bonds (Figure 2(a)), K., is the affinity, «; is the
overall stiffness of each binding site, kp is the Boltzmann constant and 7 is the absolute temperature.
Mechanical equilibrium dictates that the binding forces exerted by stretched bonds must balance the
force F applied by the rolling cell on these bonds. We assume that the bonds function as linear springs

with a rest length /. Therefore,

(2.5)

F= NbK,(lb - lo) (2.6)

The overall stiffness of binding sites, k;, can be estimated by considering two linear springs assembled
in series: one representing the stiffness of each ligand-receptor bond, with spring constant «;, and one
showing the substrate stiffness with spring constant k. This way
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KpKs
= 2.7
ki Kp + K ( )

Note that «, could be smaller than «, if the substrate stiffness is sufficiently low (Figure 2(b)).

The deformation of a linear elastic half-space in response to a point force applied on the surface
can be determined using the well-known Boussinesq solution in linear elasticity [27]. This solution
exhibits singularity precisely at the location where the force is applied. One way to overcome this
singularity is to replace the point force with a uniform traction distributed over a small circular area,
A, around the point where the force is applied. Using this method, Walcott and Sun derived a closed-
form relationship between the resultant force and the average displacement under A [28]. Accordingly,
Kk, was evaluated as

4 rE
ST A —an (2:8)

where r is the radius of A, E is the Young’s modulus, v is the Poisson’s ratio of the elastic substrate
and 1 < @ < 0.5 is the bond orientation factor whose value depends on the angle between the point
load and the substrate.

As the rolling cell moves forward, the binding force developed in the bonds increases. This force
counterbalances the hydrodynamic forces applied on the cell by the viscous fluid [24]. The assembly
of bonds becomes unstable at a sufficiently large binding force. To find this force, we conduct a simple
stability analysis. The critical disassembly force is the bifurcation point, where the stable and unstable
branches of the solution to equation (2.4) and (2.6) converge.

3. Results and discussion

Figure 3 presents the recorded flow velocities of PSGL-1 coated particles over substrates
functionalized with E-selectin, normalized relative to the mean velocity on the control rigid
substrates. It is evident that the rolling velocity of particles is sensitive to the variation of substrate
stiffness. The results show that at a flow rate of 0.7 mL/min, the particle velocity decreases from
approximately 12 to 4 um/s as the substrate stiffness increases from 5 to 20 kPa. The free velocity of
non-functionalized particles over non-adhesive substrates was measured to be around 25 um/s.
Although particle velocity on the control rigid side of the chamber is supposed to be independent of
the stiffness of the soft side, the measurements revealed a slight reduction from around 5 to 3 um/s as
the gel stiffness on the soft side increases. This discrepancy suggests the presence of an error in
experimental measurements, which can be attributed to the swelling behavior of the hydrogel.
Swelling of hydrogels in aqueous media is a consequence of lower number density of the crosslink
points. Therefore, the height of the flow pathway (/.) is expected to decrease as the stiffness of the gel
on the soft side decreases. While this error is present, its impact is expected to be relatively minor and
does not significantly compromise the credibility of our experimental findings.
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Figure 3. (a) Tracks of some representative particles on the 5 kPa (gray) and 20 kPa (black)
substrates, plotted as distance traveled versus time. (b) Particle velocity over substrates
functionalized with E-selectin at different substrate rigidities. The velocities are normalized
relative to the mean velocity on the control rigid substrates. Error bars show the standard error
of the mean. There was a statistically significant difference (p < 0.01) in rolling velocity
relative to control.

The results shown by Figure 3 are qualitatively similar to those reported by MacKay and
Hammer [17] for the rolling of monocytes on E-selectin coated hydrogels. This similarity hints that
the mechanism underlying rigidity sensing in blood-borne leukocytes might be physical and
independent of internal cell signaling pathways. In what follows, we leverage the insights gleaned
from a stability analysis to propose a physical explanation for how leukocytes discern substrate
stiffness.

Table 1. Model parameters.

Parameter Definition Range Value Reference
Iy equilibrium length 5 —-50 nm 10 nm [29]

Kp bond stiffness 0.5 -5 pN/nm 1 pN/nm [29]

K., affinity 107 — 10'"" nm? 10® nm? [29]

C ligand density 10°-10""nm™2? 22x10*nm™2 [29]

N, initial number of bonds 50 [29]

r radius of A 10 nm [30]

104 bond orientation factor 0.5 [28]

v Poisson’s ratio 0.5 [31]

T temperature 310K

Table 1 lists the range and default values of model parameters. The ligand density is intentionally
set at 2.2 x 10™* nm~2, resulting in the initial formation of 50 ligand-receptor bonds within the
adhesion zone. This is comparable with the number of stress-free bonds in simulation results obtained
by Hammer and Apte [29]. They employed adhesive dynamics, a computational algorithm to simulate
the real-time motion of a spherical particle at proximity of an adhesive wall. Since the length of
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stretched bonds is substantially smaller than the cell size, the bonds are all oriented nearly vertical
relative to the substrate (6 ~ m/2) [32]. This assumption leads to a bond orientation factor of 0.5. The
substrate is assumed to be nearly incompressible with a Poisson’s ratio of v = 0.5 [31].
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Figure 4. Two dimensional contour plots of the free energy variation as the number of bonds

N, and separation gap h change (F' = 250). The blue and red points show the local minima
and saddle point solution, respectively (k, = 24.4).
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Figure 5. Variation of (a) the number of bonds N, and (b) separation gap 4 with the binding
force F at different binding stiffness «,. Stable and unstable solutions are on the solid and
dashed-line branches, respectively. The bifurcation instability occurs at the intersection of

stable and unstable branches, indicated by the red curve. Rigid substrates are characterized
by k, = 24.4.

The steady-state solution to equations (2.4) and (2.6) yields a stable (local minimum) and an
unstable (saddle point) value at a given force F' (Figure 4). The variation of the number of bonds in
the adhesion zone (N,) and normalized gap distance (h = h/ly) vs the normalized binding
force (F = Fly/kgT) are shown in Figure 5. At a stress-free condition (F = 0), the adhesion zone is
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comprised of 50 bonds. As the binding force increases, the number of bonds gradually decreases,
concurrent with increasing the gap distance between the cell and the substrate. Continued tension
leads to eventual disassembly of bond clusters due to a first-order saddle point bifurcation, where the
stable and unstable branches of solutions intersect. As the substrate stiffness decreases, the total
stiffness of each binding site (k; = K,llz7 /kgT) decreases too (Figure 2(b)). Figure 5(b) further illustrates
that the magnitude of the critical disassembly force at the bifurcation point decreases with k,. This
implies that clusters formed on softer substrates can support smaller forces and become unstable at
lower tractions compared to bonds formed on stiffer substrates.

velocity

[T AT

t1 tz t3 time

(1) (2) (3)

Figure 6. The leukocytes ability to discern substrate stiffness can be attributed to the elastic
instability of established bonds between the cell and the substrate. When leukocytes roll
along vascular endothelium, they undergo recurring sequences of arrest and release, mediated
by selectin bonds that are established and ruptured during the short encounters between ECs
and leukocytes. While the cell is only displaced slightly during the periods of arrest (between
t; and 1), its velocity experiences a sudden surge after the cluster of bonds are ruptured in face
of dislodging hemodynamic forces. The instability of bonds on softer substrates amplifies
the frequency of release events (between #, and f3), leading to a greater average translational
velocity.

The outcomes of this simple stability analysis present a feasible interpretation for how the
substrate stiffness influences the rolling velocity of leukocytes. Leukocyte translocation on the
endothelium displays a distinct pattern characterized by alternating periods of rapid movement and
arrest [33]. This discrete pattern is schematically illustrated in Figure 6. A step-like movement
happens when the bonds established in the footprint of the cell are ruptured. During the intervals
between release events, the cell remains essentially at rest. During the arrest periods, the binding
forces developed in bonds counterbalance the hydrodynamic forces and torques applied by the
flowing media. When the molecular bonds are released, the cell is swiftly pushed forward to a new
spot, where a balance between adhesive and hydrodynamic forces is restored. The stability analysis
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presented here demonstrates that bifurcation instability occurs at smaller binding forces when the cell
is attached to a softer substrate. Consequently, the frequency of release period increases, resulting in a
higher average velocity of the cells. Accordingly, one could hypothesize that as the arterial wall
stiffens, the residence time of attached cells increases, resulting in a reduction in the rolling velocity
of these cells. Slower rolling and the potential arrest of leukocytes enhance the likelihood of
transendothelial migration and their accumulation within lesions, as observed in atherosclerosis.

4. Conclusions

Following the pioneering study by Mackay and Hammer [17] on rolling adhesion of monocytes on
soft substrates, we conducted a series of experiments to measure the rolling velocity of plastic
microbeads coated with PSGL-1 on E-selectin coated hydrogels with different stiffness. Our findings
reveal qualitative congruence with the experimental results of Mackay and Hammer. While our results
do not preclude the possibility of active intracellular signaling, they introduce the intriguing prospect
of a passive mechanism that potentially governs leukocyte rigidity sensing and operates independently
of internal signaling pathways. In this model, the rigidity sensing is attributed to the stability of
ligand-receptor bonds at the contact zone between the rolling cells and the substrate. We put forth a
simple model for the stability of strained bonds established on compliant substrates. The results show
that bifurcation instability has a close correlation with substrate stiffness. Specifically, it was found
that the disassembly of bonds transpires at smaller forces as the substrate stiffness decreases. The
instability and rupture of bonds formed on softer substrates lead to increased frequency of leukocyte
translocation. It is important to note that our preliminary model exclusively addresses bond stability
on compliant substrates and does not predict the kinematics of leukocyte rolling. For a precise
simulation of leukocyte motion, it becomes crucial to assess the elasto-hydrodynamic interactions
between the cell and its surroundings. Unlike beads, leukocytes are non-rigid entities that deform as
they interact with the underlying substrate. This deformation not only alters the hydrodynamic forces
experienced by the cell but also modifies the stiffness of equivalent springs, representing the local
stiffness at each binding site. These modifications will be incorporated into more advanced studies in
the future.
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