S1 Appendices

Appendix A. Adhesion stress calculation

To compute the adhesion stress, we consider a potential acting between an adhesion
molecule and a receptor in the cell membrane. Here, we use a 6-3 potential:
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where Dy is the distance associated with the energy minimum and uo sets the magnitude of the
binding energy. The force due to this single interaction is
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where fo = 6uo/Do. As Do is the location of the energy minimum, we also see that fagh(Do) = 0.
We use Do = 50 nm in our simulations. Realistically, one might expect this distance to be much
smaller (molecular scale), but the longer range here effectively includes membrane fluctuations
and filopodia and serves as an upper limit. Adhesion potentials with a range of tens to hundreds
of nanometers are common when modeling cells and vesicles at the mesoscopic scale [1, 2].

To solve for the overall adhesion stress, we integrate over the ligand-coated surface
(surface coordinates [r, ] ) and the region of membrane being considered (surface coordinates

[s, v]) (Fig S1A).
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Fig S1. Adhesion force calculation.

(A) The cell geometry is depicted from the side, as well as from the top, including definitions of coordinates used in
the text. (B) Adhesion stress components are plotted as a function of arc length s for the cell shape shown in part A
at a relative ligand density of 10%.



Individual interaction forces are specified as vectors, that is
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The distance between a point on the membrane and a point on the surface is given by
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The distance zm is adjusted from the z coordinate used elsewhere so that the surface z=0
corresponds to the zero-force distance Do, i.e. zm =z + Dao.

The direction of the force is expressed by a unit vector (we only calculate the r and z
components, as the angular component cancels out due to symmetry)
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Considering a region of the cell membrane extending from s =scur—1/2 t0 s =Scur + /2 along
the arc length and from w = -Aw/2 to w = Ayl/2 in the angular direction, we compute the
pairwise force by the total integral
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where p; is the ligand density on the substrate and pr is the receptor density on the cell
membrane. In practice, we lump fo and pr into a single parameter oo = fopr , Which effectively
serves as a force per unit area of cell membrane (see S7 Table).

The stress per unit area of membrane is given by
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In the limit 1Ay — 0, we obtain the final expression, as given in the main text
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This integral is not readily carried out analytically. Therefore, we evaluate it numerically
in MATLAB by performing trapezoidal integration in both dimensions, using log-spaced meshes
for both r and 6. Results of this integration are essentially identical to those of integration with
MATLAB built-in functions, but computation time is reduced well over 10-fold. An example of



the adhesion stress components computed as a function of arc length s along the cell contour
defined in Fig S1A is shown in Fig S1B for p = 10%.

In practice, we modify the adhesion strength in simulations by varying the scaling factor
oop1 , but we cannot directly extract the ligand density pi. Instead, we infer the adhesion energy
per unitarea y from the equilibrium contact area Ac using simple geometry, conservation of
volume, and the Young-Dupre equation, as explained in the main text. Using these estimated
values of adhesion energy y(Ac) and the typical binding energy of a low affinity Fcy receptor to
19G (Ebind = 6 x 1072° J [3]), we estimate the 1gG density pigcest as
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We perform a linear fit between pigcest and the relative adhesion strength pi/ pimax to
compute the effective IgG densities tested in our Brownian Zipper model (Fig S2B). From this
fit, we find that p; = 10% roughly corresponds to pigc,est = 1,000 pm2,
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Fig S2. Relationship between estimated 1gG density and model adhesion strength.

A linear fit relates model adhesion strength to 1gG density based on the equilibrium contact areas obtained from
simulations.



Appendix B. Derivation of a power law for contact area growth in passive
spreading

To develop an approximate analytical prediction of the functional dependence of the
contact area on time, we start from the overall energy balance for our passive model cell
spreading on a flat surface with adhesion energy density vy, analogous to the energy balance in
the spreading of a viscous droplet [4]. After canceling a factor of 27, this yields
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where r¢ is the cell contact radius, u is the effective cell viscosity, ejj denotes the i,j
component of the rate-of-strain tensor (repeated indices are summed over), 7 is the cortical
tension, and p is the pressure inside the cell. The left-hand side corresponds to energy gain due
to cell-surface adhesion. The first term on the right-hand side is the viscous dissipation rate [5],
the second term is the work required to deform the cortex, and the third is the change in energy
due to changes in pressure and/or volume. In our simulations volume is kept constant, and any
energy required for pressure changes is much lower than for changes of the surface area or
tension; therefore, we neglect the last term of Eq (S10) in the following analysis.

To estimate the remaining terms in the energy balance, we assume that the passively
spreading cell adopts the shape of a spherical cap with contact radius rc and radius of curvature
Reenn (Fig S3A). This geometry defines the contact angle as:
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cell

We focus this analysis on initial contact area growth, during which the contact angle is small and
we can treat Rcen as a constant. Based on this geometry and features of the calculated flow
profile (Fig S3A inset), we estimate the viscous dissipation rate and work required to deform the
cortex as follows.

We first expand the dissipation term to include all non-zero components of the rate-of-
strain tensor (all derivatives with respect to the polar angle are zero given axial symmetry):
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The main effect of the adhesion force is to “pull down” the membrane onto the flat surface; that
is, the z-component of the adhesion stress generally dominates (Fig 1B). Accordingly, we expect
v, to dominate over v in the portion of the cell closest to the substrate, which is confirmed by
our calculations (Fig S3A inset). Furthermore, due to incompressibility, we know
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Therefore, if the contributions of v, are small, ov;/0z must also be small, and we are left with:
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Fig S3. Energy balance calculations.

(A) Geometry of a spreading droplet during early spreading. The inset illustrates fluid velocities (arrows) at the
boundary near the contact line as predicted by a typical Brownian zipper simulation. (B) Simplified geometry of a
wedge used to represent a spreading droplet. The top panel defines variable used in the text. The bottom panel
illustrates the manner of contact area growth implemented in our model. (C) Local dissipation per unit volume at the
contact line for two early time points as computed by a Brownian zipper simulation at a ligand density of 10%. The
dissipation is tightly confined to the point of contact. (D) Total viscous dissipation rate was directly computed using
linear shape functions and plotted against r.? dr./dt on a log-log axis. Simulated values were binned and averaged for
each interval on the x-axis. Error bars indicate standard deviation of binned data.

As a test geometry for points near the surface, we consider a wedge-like shape, as shown
in Fig S3B. The exact functional form of v, within this wedge cannot be readily inferred a
priori. Instead, we identify characteristic length scales to estimate the velocity gradient. We
expect the z-velocity to be highest close to the surface, that is, within the length scale set by the
adhesion potential (Do). The associated distance in the r-direction Ar (Fig S3B) is given by:
D, DR
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Before estimating the velocity gradient, we relate v; to the rate of contact radius growth,
drc/dt. Because there is no slip at the contact line itself, the only way for the contact area to
increase is for nonadherent membrane to approach and touch the surface past the contact line.
We consider a sample point close to the surface at which the membrane moves at maximum
velocity vmax in the negative z direction (Fig S3B). If this point moves down from a distance oz
from the surface, then the contact line moves outward by a distance of Jr in the r-direction (Fig
S3B), given by

sr =27 (S16)
tan 6,
In terms of velocities, this yields
drc _ Vmax ~ Vmax Rcell (817)

dt  tano, r,

Combining Eqgs (S15) and (S17) and assuming the velocity gradient is highest in the direction
tangent to the membrane, we approximate the sought velocity gradient:
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We insert these estimates into the dissipation term (Eq (S14)) and integrate over the wedge:
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Inserting the definition of Ar from Eq (S15) and assuming Ar << 3rc, we find
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where ITo = u/(2Rcen®). We verify this relationship by comparing it to numerically computed
dissipation rates obtained in Brownian zipper simulations (Fig S3C-D). The dissipation rate per
unit volume is highest in a small region near the contact line (Fig S3C). We integrate to compute
the total dissipation rate at each time step, and then plot this as a function of rc?(drc/dt) to
compare it to our approximate analytical prediction from Eq (S20) (Fig S3D). When plotted on a
log-log axis, this curve shows a linear region with a slope of 2, in agreement with the scaling in
Eq (S20).

We next estimate the work required to deform the cortex, as given by the second term on
the right-hand side of Eq (S10). For a spherical cap of contact radius rc and height h:
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Early in spreading, h is approximately constant and tension changes slowly, therefore
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Inserting the approximations from Eq (S20) and Eq (S22) into the energy balance (Eq (S10)) and
simplifying, we arrive at the following differential equation:

r3 (%j _2y-7) (S23)
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In early spreading, tension changes more slowly than r,; therefore, it can be treated as a constant.
This leads to the spreading law observed in our model as well as in a previous computational
model of passive cell spreading [2]
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Appendix C. Development and testing of constitutive relations for cortical
tension and protrusion stress

To best match the real-life behavior of cells, we developed versions of the piecewise
relationships for tension (Eq 1) and protrusion stress (Eq 11) that have continuous first
derivatives (C1). We accomplished this by using polynomials to transition between each
piecewise domain from the original C° relations. For tension, we use
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The C! version of protrusion stress requires two separate transition regions, which we achieve
using cubic polynomials:
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The ¢ and d coefficients are found by solving the appropriate linear systems. Their values
generally depend on the contact area A at different values of surface area deformation; namely,

at Acen = 1.13 Acenio , Acell = 1.26 Aceo , and Acen = 1.39 Acenno. These are derived from sample
runs of the simulation.

A comparison of the non-smooth (C°) relationships with their smooth (C*) counterparts
reveals only minor differences in the respective graphs (Figs S4A and S5A). Furthermore,
simulations performed with C! vs. C° relationships result only in slight changes in spreading
dynamics that do not affect the main takeaways of this study (Figs S4B-C and S5B).
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Fig S4. Results of simulations using alternative cortical tension constitutive relations.

(A) Alternative relationships between cortical tension and cell surface area. (B) Brownian zipper results do not
change qualitatively for different choices of cortical tension constitutive relations. (C) Contact area over time for the
pure protrusive zipper varies only slightly between simulations using different relationships for cortical tension.



To confirm that our findings were not dependent on the relationships chosen for tension
and protrusion stress, we also tested alternative expressions. For tension, a simpler relationship
that has been used in previous numerical studies of cell deformations [6] is exponential:

Acelt —Acell 0
r=1,+0.15/ e “emo  _g (S27)

As shown in Fig S4B-C, this relationship does not qualitatively alter the Brownian Zipper or
protrusive zipper contact area curves.

A simpler assumption for growth of the protrusion stress is that the stress grows linearly
as a function of contact area:

O o
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Remarkably, we find that even this simple relationship gives rise to the sigmoidal growth of
contact area over time observed experimentally (Fig S5C), indicating this is a general feature of

our model that does not depend sensitively on the exact relationship chosen for protrusion stress.
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Fig S5. Results of simulations using alternative protrusion stress constitutive relations.

(A) Alternative relationships between protrusion stress and cell-substrate contact area. (B) Results of the pure
protrusive zipper simulation using the C* relationship only differ slightly from the C° version. (C) A linear
relationship between protrusion stress and contact area gives rise to a sigmoidal contact area vs. time curve.
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Appendix D. Details of finite element implementation

The governing equations are given in Methods, referred to as the “velocity equation” (Eq
17) and the “pressure equation” (Eq 18) below. Both equations are readily cast into a Galerkin
form, which then is rewritten in matrix form as is conventional for finite element methods.

For reference, we give the elemental contributions to the stiffness matrices and load
vectors for each finite element system, following the notation used by Hughes [7]. Na is used to
denote the finite element shape function associated with node a. We use bilinear quadrilateral
shape functions and compute all integrals using two-by-two Gauss quadrature.

The velocity equation (Eq 17) gives rise to the linear system

Kv,, =F (529)

The vector v,;; contains the velocity values [vr, v,] at each node, and the global stiffness
matrix K and global load vector F are assembled from elemental contributions. The contributions
from nodes a and b belonging to element e are given as follows, where Q. denotes the element
domain (note the factor of 2zr due to axial symmetry, as well as the term (Na No/r?) which
arises when computing Vv in cylindrical coordinates)

_I( ON, ON, NaNb+5Na 8ij2mdg
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arbze aN aNb 2 dQ
8N aN (530)
azbre —t 2 dQ
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For the load vector
N
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(S31)

_J' est( jZﬂrdQ +IN o,2zrdl,

where the second term in the load vector arises from the Neumann boundary condition (stress
balance) and T'e denotes the boundary of the element. The vector [or, oz] denotes the boundary
stresses given by adding the adhesion stress, protrusion stress, and cortical stress, which are only
non-zero for those elements which belong to the free boundary of the cell. For elements in
contact with the substrate, there is no contribution from the no-slip boundary condition because
the enforced velocity is equal to zero.

The pressure equation (Eq 18) gives rise to the linear system
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Q Pai = G (832)

The vector pan contains the pressure value p at each node. The global stiffness matrix Q and
global load vector G are assembled from elemental contributions given by

ON_ ON, ON_ oN
=|| N.N, —o a_ by~ a” b 27rdQ) S33
Qab,e J‘{ a''b 0( ar ar az 82 )i| T e ( )

ov. V. oV
G..=|N -2 1271rdQ S34
a,e _[ a|:pest ar r aZj| T e ( )

The expression for G, incorporates the assumption that Vp - n is zero along the cell boundary,
as dictated by the boundary condition, and V?p =0 everywhere, which is satisfied exactly for an
incompressible fluid. Derivatives of [vr, v;] are computed using bilinear quadrilateral shape
functions.

This system of equations is solved iteratively, as described in Methods. Examples of the
fluid velocities and pressures obtained by the Brownian zipper model (Fig S6A) and the
protrusive zipper model (Fig 6B) are included for illustration.
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Fig S6. Example velocity and pressure fields obtained by finite element computations.
(A) Fluid velocity vector fields and pressure scalar fields (heat maps) are shown for purely adhesion-driven

spreading with a ligand density of 10%. The magnitude of fluid velocity decays relatively quickly over time. (B)
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Fluid velocity vector fields and pressure scalar fields (heat maps) are shown for purely protrusion-driven spreading.
The velocities maintain a similar magnitude over time due to the time-dependent increase in protrusion stress.
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Appendix E. Numerical testing and optimization

The accuracy of numerical computations such as used in this study can be affected by
several factors. In this appendix, we document tests that we have carried out to verify the
robustness of our numerical predictions. All tests of the Brownian zipper model are conducted
for a ligand density (p1) of 10%, and all tests of the protrusive zipper model are carried out in the
absence of adhesion stress.

I. Test for incompressibility

Solving the governing equations for the perturbed Stokes equations given in Methods
(Egs 17 and 18) yields an approximate satisfaction of incompressibility. The degree to which
incompressibility is enforced depends on the magnitude of the perturbation parameter ¢ in Eq
18. Specifically, as ¢ goes to zero, the fluid becomes more incompressible. However, if ¢ is too
small, there are numerical difficulties. Thus, it is worthwhile to evaluate how closely
incompressibility is satisfied for different values of ¢. In our model, ¢ scales with the
characteristic radius of an individual element hmesh and the effective viscosity u [8]. As
described in Eq 15 of the main text, we generally require that ¢ < hmesn?/1 , but we can write

more generally
2
0=0 (—h”‘es“ j (S35)
y7]

a

where ¢ is a dimensionless scaling factor that should have a magnitude less than or equal to
one to satisfy the above inequality. Here, we assess how this parameter affects the error in our
model.

We quantify the degree of compressibility at different locations in the cell body in terms
of the local rate of dilatation, obtained by integrating V - v over individual elements and
dividing by the element volume Ve. That is,

J.(V v)dv,

Dilatation rate = (S36)

el

This dilatation rate has units of inverse seconds and describes the rate of fluid expansion
per unit volume. In general, we expect the largest departures from perfect incompressibility to
occur in the immediate vicinity of the perimeter of the contact region, due to a well-known
singularity that has been examined thoroughly for different cases of droplet spreading [4].
Focusing on this region, we have characterized how our choice of the value of ¢ affects the
dilatation rate (Fig. S7A). We evaluate the overall error of the model in terms of the mean square
error (MSE) for the incompressibility condition

v)Vd

tot
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The MSE initially depends only weakly on the value of 4, but increases considerably at higher
values, as expected (Fig S7B-C). Generally, a value of 6 =1 results in sufficiently low error
while also avoiding numerical difficulties associated with lower values of 4 .
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Fig S7. Testing for incompressibility.
(A) Heat maps of the dilatation rate within the leading edge of the cell for purely protrusion-driven spreading at t =
15 s for different values of ¢ . (B) Volumetric mean square error is plotted as a function of ¢ for Brownian

Zipper simulations at t=15s. (C) Volumetric mean square error is plotted as a function of ¢ for protrusion-only
spreading at t=15s.

I1. Time-step testing

The optimal time step At for fluid mechanics simulations depends on fluid velocity and
the mesh resolution. A common reference for this is the Courant number, generally given by

_ VAt
O

C (S38)

where | is a characteristic length and v is a characteristic velocity. For numerical stability, C
should be much less than one.

We use Eq (S38) to determine the appropriate time step for the minimum ratio of /v
across all elements; that is
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where rspan is the span of the element in the r direction, zspan is the span of the element in the z
direction, [vrc, V2] is the velocity vector at the centroid of the element, and C is the desired
Courant number. For instance, if C=0.1, fluid flow crosses at most 10% of any individual
element during a single time step. We performed a series of simulations using decreasing values
of C to establish at which Courant number our computations converge satisfactorily. Figure S8
shows examples of testing different time steps for the Brownian Zipper model (Fig S8A) and the
protrusive zipper model with no adhesion stress (Fig S8B). For smaller time steps, the contact
area curves become smoother and converge to a single solution. Generally, we find that C <0.1
performs well in these cases, which is the value we choose for our simulations.
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Fig S8. Time-step testing.
Contact area versus time for different Courant numbers for (A) the Brownian zipper model and (B) purely
protrusion-driven spreading.

I11. Mesh refinement

We ensured that the results of our simulations do not depend significantly on the mesh
resolution as follows. When constructing the mesh, we start by specifying the boundary nodes,
choosing tight spacing near the substrate and gradually increasing spacing to 0.17 um over the
rest of the cell contour (Fig S9A). After parameterizing the contour, we use transfinite
interpolation to construct the interior mesh ([9], Fig S9A). Using a global edge spacing of 0.17
um generally results in about 2,000 elements. Here, we focus on refining the mesh spacing close
to the surface where the stresses are most concentrated.

For both the Brownian zipper model and the protrusive zipper model, we tested minimum
boundary point spacing values Asmin 0f 25 nm, 10 nm, 5 nm, and 2.5 nm. In both cases, we find
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convergence for Asmin <5 nm (Fig S9B-C). For our simulations in the main paper, we use ASmin
=2.5nm.
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Fig S7. Mesh refinement.

(A) Hlustration of mesh construction including our choice of relevant boundary spacing intervals. Convergence of
the simulations is evaluated by inspection of contact-area-versus-time curves obtained with different minimum mesh
spacings close to the substrate (Asmin) for (B) the Brownian zipper model and (C) purely protrusion-driven
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Appendix F. Additional testing of the discrete adhesion model

As outlined in the main text, we introduced two main rules to implement a version of our
protrusive zipper with discrete adhesion sites: 1) If the cell membrane is less than a threshold
distance from a ligand (set by the magnitude of membrane fluctuations dictated by Eq 12), the
membrane is considered bound, and 2) the protrusion stress decays as a function of time since
last binding a ligand (Eq 13). The second rule contains a free parameter to, corresponding to a
characteristic decay time for the protrusion stress. Because this parameter is not directly
quantifiable from our data, we sought to determine how sensitive the outcomes of this version of
the model were to our choice of to (Fig S10).
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Fig S10. Effect of varying to on the protrusive zipper with discrete adhesion sites.
Contact-area-versus-time for spreading over different densities of discrete binding sites, plotted for to = 33 s (faster
decay) (A) and for no time-dependent decay of the protrusion stress (B). (C) The relationship between maximum
contact area and IgG density depends on how quickly the protrusion stress decays.
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In the main text, we use to = 66 s, and here we tested to with either half this value (33 s,
faster decay) or twice this value (132 s, slower decay). We also tested the model without any
decay by setting to = oo. Regardless of the choice of to, we observe the same qualitative behavior
of the model — spreading speeds remain similar across different ligand densities, but maximum
contact area increases as a function of ligand density (Fig S10A,B). However, the exact
relationship between ligand density and maximum contact area depends on the choice of to.
Faster decay rates (lower to) generally resulted in earlier termination of spreading, but with slow
or absent decay, cells continue spreading longer (Fig S10). This difference is most evident at
lower ligand densities, where a more sustained protrusion stress is required to overcome larger
gaps between ligands.

We also noted that our experiments seemed to indicate a saturation in maximum contact
area for IgG densities greater than about 1,000 um2, but our model predicts a continued increase
in maximum contact area up to the highest density tested (30,000 um?). At these higher densities
of 1gG, receptors are the limiting factor of the maximum adhesion strength, which is not
accounted for in our model. Therefore, we conducted additional proof-of-principle simulations in
which both ligands and receptors were treated as discrete.

On the order of 1x10° Fcy receptors are present in the membrane of a passive neutrophil
[10, 11]. The total membrane surface area includes not just the apparent surface area, but also
membrane folds such as microvilli. Because neutrophils can expand their apparent surface area
up to three times its resting value [12, 13], we conservatively estimated the total receptor density
pre;r as 1x108/ 3SAq , or about 1,470 receptors per square micron.

Because these receptors are generally mobile, we assumed that any given receptor
effectively occupied a length of membrane o/ dictated by receptor mobility (effective diffusion
coefficient Des ) and the current time step At :

Sl = [4D, At (S40)

If a given receptor is centered at a point on the membrane specified by arc length sr , then the
receptor can diffuse within a range bounded by sg—d/ and sr + d/ during a time interval of At
(Fig S11A inset). We here postulate that, for any given ligand, if the minimum distance to this
receptor, dmin, iS less than dwresh (given by Eq 12 in the main text), then binding occurs.

Using the above approach to discretize receptors, we require the total region over which
each receptor can diffuse (20/ from Eq (S40)) to be less than the receptor spacing; otherwise, the
entire membrane would be available to bind free ligand, as in the original discrete adhesion
model. This places an upper limit of about 4x10* um?/s on Desr, much lower than the values
reported for Fcy receptor diffusion coefficients (about 0.01 to 0.1 pm?/s) [14]. However, Des
should be viewed as an effective parameter, capturing not only diffusion but also the effects of
lateral confinement [15] and close contacts [16].

As a proof of concept, we performed simulations with pre,r = 1,470 um™2 and Deft =
1x10* pm?/s. (Fig S11) These simulations indeed showed that spreading on lower densities of
IgG was similar to our original simulations, but spreading on the highest density terminated
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earlier due to limited receptor availability (Fig S11A,B). The results of this version of the model
yielded an even better match to the experimentally measured relationship between 1gG density
and maximum contact area (Fig 8C).
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Fig S11. Protrusive zipper with discrete ligands and discrete receptors.
(A) Sample cell profiles for spreading over different densities of binding sites with receptors only present in the
membrane segments shown in red. The inset defines the variables used in the text. (B) Spreading over low densities

of IgG (30 um?) is unaffected by a discrete receptor model, whereas spreading is receptor-limited on high densities
of IgG (30,000 um?).

19



References

1. Sukumaran S, Seifert U. Influence of shear flow on vesicles near a wall: A numerical study. Phys
Rev E. 2001;64(1). doi: ARTN 011916

DOI 10.1103/PhysReVvE.64.011916. PubMed PMID: WOS:000169907100090.

2. Etienne J, Duperray A. Initial dynamics of cell spreading are governed by dissipation in the actin
cortex. Biophys J. 2011;101(3):611-21. Epub 2011/08/03. doi: 10.1016/j.bpj.2011.06.030. PubMed
PMID: 21806929; PubMed Central PMCID: PMCPMC3145312.

3. Maenaka K, van der Merwe PA, Stuart DI, Jones EY, Sondermann P. The human low affinity
Fcgamma receptors lla, llb, and 111 bind IgG with fast kinetics and distinct thermodynamic properties. J
Biol Chem. 2001;276(48):44898-904. Epub 2001/09/07. doi: 10.1074/jbc.M106819200. PubMed PMID:
11544262.

4. Bonn D, Eggers J, Indekeu J, Meunier J, Rolley E. Wetting and spreading. Rev Mod Phys.
2009;81(2):739-805. doi: 10.1103/RevModPhys.81.739. PubMed PMID: WOS:000267197500008.

5. Aris R. Vectors, Tensors, and the Basic Equations of Fluid Mechanics: Dover Publications, Inc.;
1962.

6. Sens P, Safran SA. Pore formation and area exchange in tense membranes. Europhys Lett.
1998;43(1):95-100. doi: DOI 10.1209/epl/i1998-00325-6. PubMed PMID: WOS:000074819100017.

7. Hughes TJR. The Finite Element Method: Linear Static and Dynamic Finite Element Analysis:
Dover; 2000.

8. Drury JL, Dembo M. Hydrodynamics of micropipette aspiration. Biophys J. 1999;76(1 Pt 1):110-

28. Epub 1999/01/06. doi: 10.1016/S0006-3495(99)77183-3. PubMed PMID: 9876128; PubMed Central
PMCID: PMCPMC1302505.

9. Knupp PS, S.L. The Fundamentals of Grid Generation. 1st ed: CRC Press; 1993.

10. Wang Y, Jonsson F. Expression, Role, and Regulation of Neutrophil Fcgamma Receptors. Front
Immunol. 2019;10:1958. Epub 2019/09/12. doi: 10.3389/fimmu.2019.01958. PubMed PMID: 31507592;
PubMed Central PMCID: PMCPMC6718464.

11. Lee CY. Quantifying the Mechanics of Phagocytosis by Human Neutrophils: UC Davis; 2011.
12. Lee C-Y, Thompson Il GR, Hastey CJ, Hodge GC, Lunetta JM, Pappagianis D, et al.
Coccidioides Endospores and Spherules Draw Strong Chemotactic, Adhesive, and Phagocytic Responses
by Individual Human Neutrophils. PLoS ONE. 2015;10(6):e0129522. doi:
10.1371/journal.pone.0129522.

13. Simon SlI, Schmid-Schonbein GW. Biophysical aspects of microsphere engulfment by human
neutrophils. Biophys J. 1988;53(2):163-73. Epub 1988/02/01. doi: 10.1016/S0006-3495(88)83078-9.
PubMed PMID: 3345329; PubMed Central PMCID: PMCPMC1330137.

14. Freeman SA, Vega A, Riedl M, Collins RF, Ostrowski PP, Woods EC, et al. Transmembrane
Pickets Connect Cyto- and Pericellular Skeletons Forming Barriers to Receptor Engagement. Cell.
2018;172(1-2):305-17 e10. Epub 2018/01/13. doi: 10.1016/j.cell.2017.12.023. PubMed PMID: 29328918;
PubMed Central PMCID: PMCPMC5929997.

15. Jagaman K, Kuwata H, Touret N, Collins R, Trimble WS, Danuser G, et al. Cytoskeletal control
of CD36 diffusion promotes its receptor and signaling function. Cell. 2011;146(4):593-606. Epub
2011/08/23. doi: 10.1016/j.cell.2011.06.049. PubMed PMID: 21854984; PubMed Central PMCID:
PMCPMC3160624.

16. Taylor R, Allard J, Read EL. Simulation of receptor triggering by kinetic segregation shows role
of oligomers and close contacts. Biophys J. 2022;121(9):1660-74. Epub 2022/04/04. doi:
10.1016/j.bpj.2022.03.033. PubMed PMID: 35367423.

20



