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Interplay between cortical adhesion and
membrane bending regulates the formation
of microparticles

Arijit Mahapatra,ac Sage A. Malingenad and Padmini Rangamani *ab

Cells release vesicles that serve important roles in long-range signaling and intercellular communication.

These vesicles are released not just in response to stress, inflammation, injury, and chemoresistance, but

also during homeostatic regulation. A particular class of vesicles called ectosomes or microparticles are

released by the outward budding of the plasma membrane, a process which requires both the

detachment of the membrane from the cortex and the exposure of negatively charged, curvature-

inducing lipids such as phosphatidylserine from the inner leaflet to the outer leaflet. In this work, we

develop a biophysical model that accounts for the interaction between these different factors. Using our

model, we predict how linker properties influence outward budding of the plasma membrane and

identify conditions that can promote or inhibit membrane curvature generation. These findings provide

insight into the fundamental mechanisms underlying microparticle formation, elucidating the basic

biology of this critical process. Further, these mechanistic insights may inspire techniques for inhibiting

microparticles where they are harmful, such as chemoresistant drug efflux by tumor cells.

Introduction

Many cells in the animal body release extracellular vesicles from
their cell surface under normal and stress conditions.1–3 Circulat-
ing microparticles (MPs) are critical for cell–cell communication
and are reflective of a state of inflammation in the body.4 Condi-
tions that introduce cell stress such as inflammation, proapoptotic
conditions, and environmental stressors such as hyperbaric pres-
sure in divers can result in increase in MP formation.2 To avoid
confusion, in this work, when we say cellular microparticles (MPs),
we are referring to those vesicles that are released from the cellular
plasma membrane, also referred to as ectosomes or microvesicles.
Their formation is distinct from other vesicles that result from
multivesicular bodies fusing with the plasma membrane and
releasing their content into the extracellular space. MPs are
fragments of the plasma membrane released in response to an
activating stimulus such as oxidative stress, cytokines, or mechan-
ical forces. They are also released from proapoptotic cells. MPs
range in size from about 50 to 1000 nm.5

Microparticles were first observed to form from red blood cells
in the early 1900s.6–8 In the 1970s, a series of studies showed that

MPs from normal human red blood cells could be induced by
elevation of intracellular calcium, which can lead to alterations in
the lipid profile of the erythrocyte membrane and release of
spectrin-free vesicles.9–11 The formation of microparticles in red
blood cells is also associated with aging and maturation of these
cells.12,13 Over the years, many different cell types including
platelets and endothelial cells have been known to release MPs,
which have been implicated in many different physiological and
pathological conditions14–16 (Fig. 1A).

Many experimental studies have characterized the different
steps in MP formation and we briefly summarize them here
grouped by either membrane effects or cytoskeletal effects. One
of the hallmarks of MP formation is phospholipid asymmetry in
the plasma membrane (Fig. 1B). Influx of local Ca2+ can induce
MP formation by disrupting the transporters that, in a resting
state, maintain the asymmetry of the leaflets.17–19 Phosphatidyl-
serine (PS), a negatively charged phospholipid, which is a known
marker of apoptosis, has also been found to externalize from the
inner to the outer leaflet of the membrane in a host of reversible
processes unrelated to cell death.20 The timescale of PS exposure
and its localization varies with the process, with a longer time-
scale (B1 hour) and global exposure during apoptosis and
localized exposure driven by Ca2+ signaling on the order of 5–
15 minutes20 in non-apoptotic events. In fact, the exposure of PS
on the outer leaflet is characteristic of MPs and the regions of the
plasma membrane that eventually bud into MPs are shown to be
rich in PS on the outer leaflet as observed by Annexin V binding.5,17
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Significantly, it has been demonstrated that cells can adjust the
preferred curvature of their membrane using PS since the
negatively charged head groups of this anionic phospholipid repel
one another, generating a preferred curvature.21 The generation of
lipid asymmetry on the bilayer with PS exposure on the outer
leaflet has been extensively reviewed in the literature.18,22–24

Another important feature in MP formation is the disruption
of the links between the cortical cytoskeleton and the plasma
membrane (Fig. 1C). Calcium signaling can also disrupt the
integration of the membrane and cortex. Ca2+ activates calpain,
which can disrupt linkages between the membrane and the
cortex.25 Activated calpain can cleave the cortex, promoting
cytoskeletal remodeling.26 Loss of membrane-cytoskeleton inte-
gration can reduce the rigidity of the membrane,19,27,28 in
addition to reducing the adhesive force. Taken together, the
delamination of the membrane from the cortex could result in a
locally susceptible region along the cell membrane for outward
budding. Indeed, the formation of blebs in cell membranes is
accompanied by the loss of membrane cytoskeleton adhesion.29

Recent experiments have shown that for a cell protrusion to
form, actin polymerization alone is not sufficient. In fact,
breakage of the actin membrane links, specifically, ezrin, is a

required condition for cell protrusion – increase in actin-
membrane attachment decreases protrusions while a decrease
in actin-membrane attachment increases protrusions.30 Ezrin
and related proteins are also involved in MP formation,31

suggesting that loss of membrane-cytoskeleton attachment is
a critical first step in MP formation.

Thus, from a biophysical point of view, MP formation can be
characterized by three main driving forces: changes in membrane
composition and accompanying changes in spontaneous curva-
ture due to PS flipping, loss of membrane-cortex attachment by
breaking the adhesive bonds, and pressure-driven bleb growth
(Fig. 1D). Each of these processes has been studied using
mathematical models. The formation of membrane curvature
due to spontaneous curvature induced by lipid-composition has
been studied using the Helfrich model32,33 and the specific role
of PS has recently been incorporated into these models.21 A
biophysical model of membrane-cortex linkage examined the
relationship between force, linker stiffness, and membrane cur-
vature in the regime of small deformations.34 In this work, we
develop a combined model of membrane-cortex attachment and
spontaneous curvature due to lipid asymmetry and systematically
investigate the role of linker adhesion and dynamics of the

Fig. 1 Formation of microparticles on the cell surface is a biophysical process. (A) A schematic depicting microparticles being released from the plasma
membrane of a cell. (B) A key initiator of microparticle formation is the exposure of phosphatidylserine (PS) on the plasma membrane, which is usually on
the inner leaflet. P4ATPases are the flippases that flip the PS on the outer leaflet back to the inner leaflet and scramblases can promote lipid translocation
between both leaflets. During microparticle formation, the scramblase TMEM16F translocates PS to the outer leaflet. (C) The cortical cytoskeleton is
attached to the cell membrane by linkers, including those of the ezrin-radixin-moesin family. Detachment of the linkers from the membrane is a critical
step for membrane deformation. (D) In this work, we model the formation of a microparticle by considering the combined role of the PS microdomain-
induced curvature and detachment of the cortex by the linkers breaking. This figure was created using Biorender.com.
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change of lipid composition in the formation of MPs. We do not
focus on the role of pressure induced blebbing since it has been
studied in other works.35,36

Specifically, we focus on the following questions: How does
the kinetics of PS flipping interface with linker binding–unbind-
ing kinetics? And how do membrane properties affect the for-
mation of microparticles? Our model predicts that linker binding
is a key determinant of MP formation. Strong linker binding can
override other mechanisms of membrane deformation including
PS-induced spontaneous curvature. Our simulations reveal that
tuning PS-flipping kinetics through the associated enzymes,
linker properties, and membrane properties give rise to interest-
ing crosstalk for regimes of delamination of the membrane from
the cortex and subsequent outward bending. These findings play
a critical role in integrating myriad experimental observations in
the literature and providing a unifying mechanical framework for
the formation of microparticles.

Model development

In this work, the formation of microparticles is modeled as the
outward bending of the membrane, away from the cytosol, in
response to the accumulation of phosphatidylserine (PS) on the
outer leaflet and as a result of the detachment of the cortical
linkers from the plasma membrane. The biophysical model
contains three main modules. Module 1: describes how the
mechanics of how the membrane bends in response to the
clustering of PS, which is assumed to induce spontaneous
curvature; Module 2: incorporates the force-dependent kinetics
of cortical linker binding and unbinding to capture the effects of
the ezrin-radixin-moesin (ERM) family of proteins; and Module 3:
includes the kinetics of PS flipping onto the outer leaflet of the
membrane due to the activity of the specific enzymes known as
scramblases. The three modules are coupled through the impact
of linker adhesion and PS aggregation on the membrane energy
and the spontaneous curvature induced by PS flipping, which
ultimately leads to membrane bending (Fig. 1D).

Module 1: membrane energy

We assume that the membrane is a two-dimensional fluid inter-
face with negligible thickness and can have in-plane viscous
flow.37,38 We also assume that the membrane is inextensible in
the plane and elastic in out-of-plane bending with uniform
bending rigidity.39 As before,40 we consider the total membrane
energy to include the translational entropy of PS lipids on the
outer leaflet, aggregation of the PS lipids, which can lead to
domain formation, and bending of the membrane due to the
spontaneous curvature induced by the PS lipids. We define Z as
the area fraction of PS on the outer leaflet and [PS]sat as the
saturation density of PS on the outer leaflet. The membrane may
bend in response to lipid asymmetry, which is encoded in the
spontaneous curvature, C = c[PS]. We assume the spontaneous
curvature is directly proportional to the density of PS on the outer
leaflet as before.21,41 The membrane may also bend in response
to an externally applied force, fpull (see SI for normal and

tangential stress balances). The inextensibility of the membrane
is captured by the tension, l.37–39,42 The Helfrich Hamiltonian33

describes the free energy density (W) of the membrane deforma-
tion modified with the work done by the external force density (f),
such as cortex force on the membrane. The modified free energy
density reads as

W ¼ kBT ½PS�sat Z log Zþ ð1� ZÞ logð1� ZÞ½ �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
translational entropy of PS

þ g½PS�sat
2

Zð1� ZÞ þ g
4
jrZj2þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

aggregation of PS

k H � ‘½PS�satZ
� �2þ�kK|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

bending due to spontaneous curvature

þ l|{z}
membane tension

� f � z|{z}
work done by external forces

(1)

In the above equation, H is the mean curvature of the membrane,
K is the Gaussian Curvature, k is the bending modulus, �k is the
Gaussian modulus, and z is the vertical displacement of the
membrane. kBT represents the thermal energy scale. g represents
the interaction energy between PS lipids and is used to capture the
following experimental observations. Even though PS is a negatively
charged lipid43,44 needref, it is known to form enriched domains
on the plasma membrane under different conditions, primarily in
the presence of cations like calcium or magnesium45–48 or due to
interactions with cholesterol.49 Such aggregation also depends on
the lipid phase with the liquid-ordered phase being more prefer-
able than the liquid disordered phase.49 We use the Cahn–Hilliard
framework as before40 to capture such molecular complexities of
PS interactions in our model.

Module 2: adhesion and detachment of linkers

In order for the membrane to bend outward to form micro-
particles, studies have shown that the detachment of the lipid
bilayer from the actin cortex is an important first step.30,50 The
attachment of the membrane to the actin cortex is through
linker proteins, and we model these linkers similar to the model
proposed in ref. 34, 51 and 52. The kinetics of linker binding
and unbinding are given by

dflin

dt
¼ kon 1� flin½ � � koffðzÞflin; (2)

where flin is the fraction of bound linkers, kon is the association
rate, and koff is the dissociation rate of the linkers to the
membrane. The rate of dissociation, koff, increases with the
magnitude of the force exerted by the cortex through Bell’s

law34,53 and is given by koff ¼ k0off e
F̂d
kBT : Here, d is the bond length

of the linkers and F̂ = klinz, where klin is the stiffness of the linker
springs. The membrane shape and linker kinetics are coupled
through the vertical distance z. We note that while some models
have proposed a coupling between bound linker density and
spontaneous curvature,54,55 experiments showed that ezrin did
not induce any membrane curvature.56 Therefore, we did not
couple linker density to spontaneous curvature in our model. To
ensure that the linkers will detach when stretched beyond a certain
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length, we implemented a cutoff distance (d0) for the unbinding of
the linker. If the membrane displacement from cortex layer z is
greater than d0, all linkers at that location will unbind from the
membrane. Therefore, at every point on the membrane,

flinðtÞ ¼

ðt
kon 1� flinðtÞð Þ � koffflinðtÞð Þdt; if zo d0;

0; if z4 d0:

8><
>:

(3)

Here t is the variable for integration over time. This is imple-
mented numerically in the timestepping algorithm by comparing
z at every location against d0, which is fixed at 25 nm.56–59 When z
exceeds the threshold, we set flin to zero along the membrane.

Module 3: phospatidylserine flipping and generation of
spontaneous curvature

PS is a negatively charged lipid and is usually present on the
inner leaflet of the plasma membrane.43,44 The density of PS on
the outer leaflet of the membrane is regulated by lipid translo-
cation between leaflets due to the activity of scramblases such as
TMEM16F18,60–62 and lipid flipping from the outer leaflet to the
inner leaflet due the P4ATPases (Fig. 1B).23,63–66 Furthermore,
TMEM16F appears to induce membrane thinning, promoting a
curvature-dependent feedback loop61 and P4ATPases also
appear to function in a curvature-dependent manner.66 Thus,
MP formation is associated with accumulation of PS in the outer
leaflet. We modeled the asymmetry introduced by these lipids
using a spontaneous curvature, denoted by C, which is localized
to the region of lipid asymmetry.64 As in previous works,21,64,67

we assume that the spontaneous curvature on the membrane is
linearly proportional to the density of PS.

To capture the dynamics of [PS] on the outer leaflet, we
include (a) diffusion of PS on the membrane surface, (b)
curvature-driven feedback of effective PS aggregation and
domain formation of the membrane, and (c) the kinetics of
the two enzymes TMEM16F and P4ATPases. Thus, we model the
time-dependent behavior of [PS] in terms of the area fraction Z
on the surface of the membrane as follows.

Zt þr � ðvZÞ|fflfflfflffl{zfflfflfflffl}
advection

¼ kscramblasee
aHðsÞZ2ð1� ZÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

scramblase activity

� kP4ATPaseZebHðsÞ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
P4ATPase activity

þ 1

FD
DZ

kBT

1� Z
þ 2k‘2½PS�satZ� gZ

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

diffusion

� 1

FD
Z

g
2½PS�sat

D2Z
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
aggregation

� 1

FD
2Zk‘DH þ 1

FD
rZ � rZ kBT

ð1� ZÞ2 þ 2k‘2½PS�sat � g
� ��

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
nonlinear interactions

� 2k‘rH � g
2½PS�sat

rðDZÞ�:
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

nonlinear interactions

(4)

The first term accounts for an increase in PS on the outer
leaflet due to the activity of the scramblase, where kscramblase

has units of s�1, since Z is dimensionless. The second term
accounts for a first-order flipping of PS from the outer leaflet to
the inner leaflet due to the P4ATPase activity and kP4ATPase has
units of s�1. In both these terms, H(s) is the mean curvature
along the arclength s, and a and b, with units of length, are
effectively modulating the kinetic parameters based on the local
curvature. When both a and b are identically zero, the curvature-
mediated feedback is zero in the model. As we will show later,
the curvature-driven feedback has a small effect in our model
(Fig. S1). The other terms arise from consideration of diffusion
of PS on the surface, aggregation due to lipid–lipid interactions,
and the resulting nonlinear interaction terms and FD represents
the hydrodynamic drag (see supplement and ref. 40 for a
complete derivation). While the exact rates of the scramblases
and P4ATPases are not known, as we will show later, we obtain
these rate constants by fitting to experimental data.

Model summary

Thus, our model captures the key mechanical elements involved
in the formation of MPs by balancing the force exerted by the
linkers that tether the membrane to the cortex and the opposing
membrane deformation driven by applied forces and sponta-
neous curvature. We simulate the formation of MPs in two
scenarios: using linear deformation models, we calculate the
conditions that allow for PS aggregation, membrane bending,
and linker unbinding using the full system of governing equa-
tions (eqn (S18)–(S20)). Once a PS-domain is established, we
switch to axisymmetric equations assuming that PS density is
localized on the area of the MP bud region and focus on spherical
MP formation (Fig. 4). Time dependence enters the model
through the rate equation for the linkers and the rate equation
for PS kinetics. Thus, while the membrane itself is at mechanical
equilibrium, the kinetics of linker binding–unbinding and rate of
PS flipping will determine the temporal dynamics of MP for-
mation. All model parameters (Tables S1 and S2), detailed
derivations, and numerical schemes are given in the SI.

Results

We analyzed the formation of MPs in response to different
biophysical drivers using our model. Even though the individual
elements of our model have been analyzed previously, we study
the coupled nonlinear system and focus on the formation of
highly curved structures and the interplay between the kinetics of
PS flipping and the kinetics of adhesive linkers. To our knowl-
edge, previous studies have not studied the combined elements
in a nonlinear regime and our analysis provides new insights into
how cortical linkage and PS flipping may interact to form MPs.

Linker detachment is required for membrane deformation in
response to an instantaneous load

We began by investigating how the membrane-linker combination
responds to a point load in the absence of any PS-induced
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spontaneous curvature. To do this, we conducted separate simula-
tions of membrane bending due to an applied point load in an
axisymmetric configuration. The physical picture is as follows:
when an external force (either a point load or a bulk pressure) is
applied to the membrane such that the length of the linker springs
increases beyond a threshold value (25 nm), the linkers unbind
and the membrane detaches from the cortex (Fig. 2A, schematic).
To understand this behavior, we first focus on the fraction of
bound linkers, flin, in the absence of membrane bending. From
eqn (2) we obtain that the steady state value of flin, in the absence
of membrane bending is given by

feq ¼
e
�F̂d
kBT

zþ e
�F̂d
kBT

; (5)

where z = k0
off/kon and represents the ratio of the two time

constants. For ezrin, the characteristic association time on the
membrane was measured to be approximately 6.6 s and the
characteristic dissociation time was measured to be 5 s,68

suggesting that z is close to 1. Other experiments note that
the dissociation constant of ezrin to PIP2 containing vesicles to
be approximately 5 mM69–71 but the individual rate constants are
not available. To investigate how feq changes with membrane
bending, we systematically varied the value of z in our

simulations to account for variations in linker proteins and
lipid composition along with an applied load on the membrane.

We first asked whether the relationship between an applied
force and membrane bending depends on the linker binding
and unbinding time scales. In other words, when coupled with
membrane bending, how does the relationship shown in eqn (5)
To answer this question, we simulated the deformation of the
membrane in response to three different point loads (0.5, 1, and
2 pN) for different values of z (Fig. 2A and B). The force required
to form a tube for a bare membrane is 2.6 pN72 and we chose
values of forces smaller than these to focus on the membrane
deformation. We observed that as the membrane deformed, the
regions of high z had zero linkers while the flat regions of the
membrane had high density of linkers (Fig. 2B), as expected. We
also noted that the final shape of the membrane, for the same
fixed force, depended on the value of z (Fig. 2A). When z was
decreased so that the unbinding rate was slower than the
binding rate, the linkers took longer to unbind and the bending
of the membrane was reduced because the adhesion of the
linkers resists the deformation of the membrane (Fig. 2A). The
linker detachment kinetics at the center of the membrane
depends both on the values of z and fpull. At lower values of
the pulling force, the membrane deformation is small and
complete linker detachment is not observed (Fig. 2B). The cou-
pling between linker binding–unbinding and membrane bending

Fig. 2 Competition between linker binding and pulling force determines membrane curvature. (A) Membrane shapes in response to fpull = 2 pN for three
different values of z = k0

off/kon, and (B) membrane shape for z = 0.1 and three values of forces fpull. The values of z and fpull are shown in the respective panels. (C)
Height of the membrane at the center, zc, as a function of the applied force for three different values of z. (D) Comparison between theoretical estimation given in
eqn (5) (dashed-line) and numerical findings (solid-line) of the fraction of bound linkers at the center of the membrane as a function of the applied force for three
different values of z. In all these simulations, the bending modulus was k = 20kBT, tension was l = 0.001 pN nm�1, and the linker stiffness was klin = 0.5 pN nm�1.

Soft Matter Paper

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
26

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

n 
D

ie
go

 o
n 

2/
12

/2
02

6 
11

:1
9:

16
 P

M
. 

View Article Online

https://doi.org/10.1039/d5sm01237f


Soft Matter This journal is © The Royal Society of Chemistry 2026

affects both the height at the center of the membrane (Fig. 2C) and
feq (Fig. 2D). The value of feq calculated by eqn (5) is shown using
dashed lines in Fig. 2D for different values of z. We see that the
coupling between membrane bending and linker detachment
causes significant deviation of feq at the center of the membrane
for different pulling forces. For all values of z tested in our
simulations, the increase in pulling force causes a greater decrease
in feq at the center of the membrane in the presence of membrane
bending compared to the analytical expression in eqn (2), which
does not consider membrane bending (Fig. 2D). Thus, our ana-
lyses demonstrate that linker detachment is required for
membrane bending, and that the timescales of linker binding
and unbinding regulate the mechanical response of the
membrane to the instantaneous application of a point load. This
is consistent with the experimental observations in ref. 29 and 30.
Thus, the coupling between membrane bending due to a point
load and linker kinetics alters the membrane bending landscape.

Interplay between PS kinetics, curvature generation, and
membrane bending

We next investigated how PS diffusion, aggregation, and
membrane bending couple with linker detachment. While

previous studies have focused on linker detachment for small
deformations of the membrane or while ignoring membrane
bending,34 we aimed to study the coupling between membrane
bending and linker kinetics in the fully nonlinear regime using
Monge parametrization. Using the governing equations
(eqn (S18)–(S20)), we simulated the conditions that would lead
to the formation of PS domains (Fig. 3). We fixed values of all the
model parameters as shown in Table S3. As noted previously,40

for certain values of lipid-induced spontaneous curvature and
aggregation strength, we observe the formation of stable PS
domains on the membrane over time (Fig. 3A). Because of the
intrinsic coupling between curvature generation and membrane
bending, regions of high PS aggregation lead to membrane
curvature generation as evidenced by the change in the height
of the membrane. Corresponding to the change in the height of
the membrane, the density of linkers evolves according to eqn (3)
(Fig. 3B). Because the deformation is less than the cutoff distance
for the linker, we observed a reduction in linker density but not
complete depletion. Finally, because of the coupling between in-
plane flow, diffusion, and aggregation of PS, we noted that
membrane tension decreases in regions of high PS aggregation
(Fig. 3C) consistent with previous works.38,40 These simulations

Fig. 3 Coupling between PS aggregation, linker density, and membrane tension for small deformations. (A) Aggregation of PS density over time, density
distribution is shown for three time instances on deformed membranes (1 minute, 10 minutes, and 20 minutes). Corresponding density distributions of
linkers protein (B) and membrane tension (C) are shown for the same time points on the deformed membrane. In this simulation, the following values
were used for parameters: linker stiffness klin = 0.1 pN nm�1, bending modulus k = 20kBT, membrane tension l0 = 1 � 10�4 pN nm�1, z = 1, aggregation
parameters Â(=g/kBT) = 25, Ŝ(=[PS]satL

2) = 200, membrane size L = 1000 nm, and c/L = 8 � 10�4.
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established that our model can capture the formation of PS
domains, that the linker density changes with respect to
membrane bending, and that membrane tension decreases in
regions of high spontaneous curvature.

Interaction between PS kinetics and linker properties
determines successful MP formation

Having established that our model can lead to the formation of
aggregated PS-domains in the Monge deformation, we next
sought to simulate the formation of spherical vesicles asso-
ciated with MP formation. From hereon, all our simulations
were conducted in an axisymmetric configuration as described
in Fig. 4, where all variables are represented with respect to the
arc length coordinate s. As noted in Fig. 4A, the domain of PS
aggregates is provided as an input to the model. We specified a
spontaneous curvature corresponding to the aggregated PS
region (Fig. 4B). The linker force acts on the membrane in the
negative z-direction. At the membrane center, the linker density
is depleted, leading to a reduced force. Moving away from the
center, the force increases as the density of non-depleted linkers
rises, but it diminishes again further out due to reduced
membrane deformation (Fig. 4C).

Next, we set out to constrain the kinetics of PS flipping to the
outer leaflet, which is a key step in MP formation, to experimental
observations. The kinetics of PS flipping depend on the kinetics
of the scramblase and the P4ATPase (eqn (4)). A majority of
experiments use Annexin V as a readout for the presence of PS on
the outer surface.73 In order to fit the rate parameters for our
model, we used experimental data from ref. 73 because this study
focuses primarily on the role of TMEM16F. We fit our model with
the data from Fig. 2B of ref. 73 to obtain the rate parameters for

the wild type (WT) condition in our model (Fig. 5A). Based on
experimental observations of Annexin V staining,73 we used a
time scale of approximately 15–16 min. Using the ‘Curve Fitting
toolbox in MATLAB we found the two kinetic parameters to be
kscramblase = 1.4687 s�1 and kP4ATPase = 0.1309 s�1. We focused on
the 20 min time scale because that is the time scale used in
experiments in the literature.73 From eqn (4), we note that Z,
which characterizes the density of PS on the outer membrane is
dimensionless, therefore we mapped the PS kinetics to a sponta-
neous curvature value as a function of time as shown in Fig. 5B.
We also varied the kinetics of PS-dependent spontaneous curva-
ture to be faster than the WT or slower than the WT to investigate
the effect of scramblase dominance and P4ATPase dominance,
respectively.73 Finally, for interpretation of the model outcome,
we defined successful MP formation when the membrane shape
develops an overhang (a U-shape such that the angle of the
tangent at the neck with the horizontal is greater than p/2; see SI).
Since our model is based on a continuum formulation, we do not
simulate scission but rather focus on closing of the neck.74 We
simulated three different PS kinetics: the first tuned to mimic WT
PS kinetics, and a slow and a fast case to mimic misregulation of
PS exchange between the leaflets, without (Fig. 5) and with
curvature-coupled feedback (Fig. S1). For each of these cases,
we used three different values of z to identify how coupling PS
kinetics (and the resulting changes in preferred curvature) with
linker kinetics impacts successful MP formation and shape.

When the PS kinetics is slow, in the 20 min time frame, we
do not see the formation of a neck for the values of z used in
our model (Fig. 5C and D). Looking at the maximum deforma-
tion at the center of the membrane, we note that there is a clear
jump in zmax whenever the linkers are detached (25 nm). After

Fig. 4 Schematic of the membrane configuration with input and boundary conditions. (A) Simulation domain of the membrane, distribution of applied
force and spontaneous curvature and boundary conditions. (B) Distribution of spontaneous curvature along the arclength, ‘s’ of the membrane. (C)
Distribution of linker density and resultant applied force on the membrane along the arclength of the membrane.
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Fig. 5 MP formation depends on PS kinetics (A) PS kinetics in the model were determined by fitting the rate constants in eqn (S11) to experimental data
from ref. 73 to obtain a time course for PS kinetics. (B) Spontaneous curvature functions used in our model. WT kinetics (solid line) refers to the time
course that matches PS kinetics in panel (A), slow (dashed line) and fast kinetics (dotted line) are obtained by modifying the kinetic parameters in our
model as shown in the legend. (C) Membrane shapes for Slow PS kinetics at time 20 minute for three different values of z (solid line for z = 0.01, dashed
line for z = 0.1, and dotted line for z = 1) and (D) corresponding temporal variation of normal deformation of the membrane. (E) Membrane shapes for WT
PS kinetics at time 20 minute for three different values of z (z = 0.01, z = 0.1, z = 1) and (F) corresponding temporal variation of normal deformation
of the membrane. (G) Membrane shapes for Fast PS kinetics at time 20 minute for three different values of z (z = 0.01, z = 0.1, z = 1) and (H) corres-
ponding temporal variation of normal deformation of the membrane. In all these simulations, the bending modulus was k = 20kBT, tension was
l = 0.001 pN nm�1, and spontaneous curvature area was 50 265 nm2. Linker stiffness was maintained at klin = 0.5 pN nm�1. The color bar shows the
fraction of bound linkers along the membrane stiffness.
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this, the deformation is dominated by membrane bending. The
time at which the membrane detaches from linkers depends on
z (Fig. 5D). Using experimentally-constrained WT PS kinetics,
without any curvature-coupled feedback (i.e. a and b are zero),
we noted that for all values of z, the shape of the membrane
shows a well-formed bud, consistent with the effect of increased
PS-induced spontaneous curvature (Fig. 5E). Interestingly, the
deformation kinetics revealed the detachment kinetics and
snap-through behavior at high z, for all values of z, as illustrated
in Fig. 5F. In addition to the nonlinearity at early time associated
with membrane detachment, we also noted the presence of an
additional nonlinearity when the neck forms in the membrane at
later times for all values of z (Fig. 5F). This transition occurs in two
steps: first, the onset of neck formation, where the membrane
elongates almost like a thick tube, and second, the reduction of
the neck diameter, which occurs simultaneously with spherical
deformation, leading to the formation of microparticles. The onset
of neck formation is marked by a sudden increase in membrane
deformation, followed by a decrease in height as the membrane
transforms into a sphere. During this process, the membrane
undergoes a snap-through transition, changing from a dome-like
to a closed bud-like shape. This snap-through transition is a
common phenomenon observed in protein-induced membrane
bud formation,32 protein interactions,75 and force-mediated tube
formation.72 Similar kinetics, membrane deformation, and snap-
through are observed for fast kinetics (Fig. 5G and H). For slow
kinetics, we did not observe the snapthrough transition for the
neck. In this case, for the chosen values of z and spontaneous
curvature, the linkers detach in a manner such that the resulting
distribution of normal forces is not yet conducive to the formation
of a sphere. Across all cases, we noticed that for the same values of
PS-induced spontaneous curvature, linker kinetics can determine
the final shape of the membrane at a given time. Thus, the
feedback between linker kinetics and PS kinetics can determine
whether the membrane can form a closed neck that is necessary
for scission of the microparticle.

Overall, we find that the onset of bending is thus dependent
on the linker forces, and the transition to a well-formed bud is

influenced by the spontaneous curvature generated by PS. The
nonlinear interactions of these two contributions to membrane
bending highlight how the coupling between the linkers and
the PS-induced spontaneous curvature can affect the presence
of these snap-through instabilities. The temporal evolution of
linker density at the center of the membrane as a function of z
are shown in Fig. S3. The effect of curvature-coupled feedback
on the equilibrium shapes of the membrane was minimal,
probably due to the simplified model we used (see Fig. S1).
However, we observed some deviations in the temporal
dynamics of deformation (Fig. S1C) and in the detachments
of linkers (Fig. S1D). In all instances, we successfully observed
the formation of MP, and overall, the influence of curvature-
coupled feedback was quite weak compared to parameters such
as linker stiffness. When simulating membrane shapes with
faster PS kinetics, we found that while a successful MP can
form more quickly (in about 10 minutes) with these kinetics,
the crucial detachment and the dependence of the snap-
through transition behavior on z remain unchanged. In sum-
mary, we find that the linkers, through their adhesion force,
modify the effective tension on the membrane (eqn (S27)), thus
changing the energy landscape of MP formation.

Our results are consistent with experimental observations
showing that imbalance of scramblase-flippase activity results in
reduced MP formation, which can dampen the procoagulation
cascade.73,76 These results indicate that there exists a balance
between the rate of spontaneous curvature induction through PS
flipping and linker binding and unbinding. Loss of this balance
due to disease states31,76 can alter mechanics, leading to a failure
in MP formation. These simulations predict that the equilibrium
shape of the membrane, and therefore successful MP formation,
not only depends on the spontaneous curvature induced by the
PS, as expected, but also on the interplay between linker lifetimes
and the kinetics of PS flipping.

In addition to the binding and unbinding rates, another
important linker property is the spring stiffness, klin. While
the exact value of this stiffness is not known, it is possible that
the linker crosstalk with the cytoskeleton,77 and with the

Fig. 6 Linker stiffness determines the effect of PS-induced spontaneous curvature for MP formation. (A) Temporal evolution of height zmax at the center
of the membrane for z = 0.01, WT PS kinetics, and three different values of linker stiffness: klin = 0.1, 0.5, 5 pN nm�1. (B) Temporal evolution of height zmax

at the center of the membrane Membrane shape linker stiffness klin = 0.5, WT PS kinetics, and three different values of z (0.01, 0.1, 1). (C) Center height of
the membrane at equilibrium as a function for linkers’ stiffness klin for three different values of z. In all these simulations, the bending modulus was k =
20kBT, tension was l = 0.001 pN nm�1, WT PS kinetics were used, and spontaneous curvature area was 50 265 nm2.
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scramblases31 could lead to altered stiffness.78 Next, we ask
whether the stiffness of the linker could alter the energy
landscape of successful MP formation. For all the cases tested,
we used the WT PS kinetics and varied z and klin across a range
of parameters. For all cases tested, we observed a snapthrough
transition (Fig. 6A and B) but the kinetics of maximum
deformation at the center depend on the value of klin and z.
When we considered the equilibrium deformation at the
center of the membrane as a function of klin, we found a
non-monotonic relationship (Fig. 6C). The lowest value of
zeq

c , which corresponds to a more well-formed bud, occurs at
an intermediate value of klin for all values of z and this effect is
pronounced for z = 0.01. Thus, our simulations reveal that
there exists a complex feedback between linker properties and

membrane properties. We observed that the shape of the
membrane also depends on the value of the linker stiffness
in both cases, highlighting the feedback between membrane
mechanics and linker stiffness.

Membrane properties affect MP formation

Finally, we investigated how the properties of the membrane,
primarily the bending modulus and the tension, would affect MP
formation (Fig. 7). These variations in membrane moduli and
tension are designed to capture the biologically observed varia-
tions in membrane properties.79 We used WT PS kinetics and
klin = 0.1 pN nm�1 based on the results shown in Fig. 5 and 6. We
observed that lower membrane modulus was favorable for MP
formation and increasing bending stiffness led to wide open

Fig. 7 Combination of membrane parameters aid linker detachment and promote MP formation. (A) Membrane shapes with three different values of
bending rigidity for the membrane tension l0 = 0.001 pN nm�1. (B) Time evolution of the linker density at the center of the membrane with three different
bending rigidities for the membrane tension l0 = 0.001 pN nm�1. (C) Time evolution of the height at the center of the membrane with three different
bending rigidity for the membrane tension l0 = 0.001 pN nm�1. (D) Membrane shapes with three different membrane tensions for bending rigidity k =
20kBT. (E) Time evolution of the linkers’ density at the center of the membrane with three different membrane tensions for bending rigidity k = 20kBT. (F)
Time evolution of the height at the center of the membrane with three different membrane tensions for bending rigidity k = 20kBT. In all the simulations
klin = 0.5 pN nm�1 and WT PS kinetics was used.
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necks (Fig. 7A). Furthermore, as the bending modulus increases,
linkers detach more rapidly at the center of the membrane,
emphasizing the interaction between membrane properties and
linker detachment, as shown in Fig. 7B for the same PS kinetics.
Fig. 7C illustrates the temporal dynamics of the height at the
center of the membrane, revealing that the snap-through transi-
tion occurs only for the low bending modulus k = 20kBT during
spherical bud formation.

Similarly, increasing membrane tension leads to a resis-
tance of membrane deformation (Fig. 7D). Since the membrane
resists deformation at high tension, the linkers remain
attached for longer time (Fig. 7E), and the membrane deforma-
tion is smaller (Fig. 7F). Lower membrane tension promotes MP
formation, where linker depletion occurs quickly, resulting in a
tension distribution across the membrane favorable for a well-
formed spherical shape occurs through a snap-through transi-
tion during MP formation at a lower tension of 0.001 pN nm�1.

Discussion

Curvature generation in cell membranes is an important bio-
physical phenomenon that can be explained well by mechanical
arguments.32,33,80,81 In this study, we focused on the formation
of MPs as an example to study how outward buds can be
generated from the plasma membrane. In order to bend out-
wards due to spontaneous curvature or externally applied
requires membrane detachment from the cortex.29,30 Our model
predicts that the strength of membrane-cortex attachment
(regulated by the stiffness and kinetics of linkers) determines
the success of MP formation and bleb protrusion. Further, the
interplay between linker binding and PS-induced spontaneous

curvature suggests some design principles for MP formation:
very strong or very weak linkers are not conducive to membrane-
cortex detachment; slow kinetics of PS-induced spontaneous
curvature are not conducive to MP formation. A balance
between membrane-cortex linkers and membrane curvature is
essential for the formation of MPs. Many factors can disrupt
this balance in the case of disease states, chemoresistance, and
drug treatments, and our models suggest ways in which oppos-
ing factors can be combined to promote or mitigate MP for-
mation, depending on the pathological state (Fig. 8).

Our model focuses on coupling the mechanics of membrane
deformation with linker attachment and PS kinetics. However,
this study has not taken into account changes in cytosolic
fluidity, coupling with calcium signaling, and associated cytos-
keletal remodeling. These simplifications of the underlying cell
biology enable computational simplicity, but including these
processes is an important aspect of tying the mechanistic
aspects of MP formation to biophysical models, and will be a
focus of future studies. Despite these simplifications, this
model reveals that when kinetics and mechanics are taken into
account, surprising nonlinear interactions impact MP for-
mation and bleb expansion. These insights form a theoretical
basis for robust experimental investigation into the fundamen-
tal mechanisms regulating cell membrane deformation.

A major conclusion from our model is that we need to
consider crosstalk between adhesive linkers and the membrane
in MP formation. These findings are consistent with experi-
ments that show that ezrin is not present in an expanding
bleb50 and that linker detachment is necessary for membrane
protrusions.30 Based on our predictions, modulating the linker
properties should then modify the propensity to form blebs.
Charras and colleagues50 showed that mutant forms of ezrin

Fig. 8 Interplay between linker properties and lipid properties determines appropriate MP formation. Successful MP formation is a balance of lipid
properties and linker strength. Loss of this balance through disease states and drug-induced states can lead to the overproduction or underproduction of
MPs. The schematic summarizes a few scenarios that could play a role and outlines the need to explore feedback between the different biophysical
players to further shed light into this critical membrane budding phenomenon.
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modulate the attachment of the plasma membrane to the
cortex. Constitutively active ezrin, which can be expressed as
strong binding (low z) leads to loss of blebbing, while expres-
sing only the FERM domain weakens the membrane-cortex
attachment (see Fig. 8 of ref. 50).

The other major finding from our model is that the rate of
spontaneous curvature generation induced by PS flipping
kinetics can play an important role in determining the crosstalk
between linker detachment and membrane curvature genera-
tion. The dependence of MP formation on PS flipping is relevant
to Scott syndrome,76 which is a disease characterized by
decreased MP formation (and a resulting decrease in procoagu-
lant activity) due to an inherited defect in lipid scramblase
activity.73,76,82 Studies of the lipid scramblase of the TMEM
family have shown that in addition to lipid scrambling, these
calcium-activated ion channels interact stoichiometrically with
the ezrin–radixin–moesin network31 and can be negatively regu-
lated by the cytoskeleton.55 While our model simplifies the PS-
induced spontaneous curvature to a kinetic equation, we were
able to show that slow PS kinetics (scramblase defect) and fast
PS kinetics (constitutively active scramblase) play a role in MP
formation. Our findings also have implications for understanding
the mechanisms of chemoresistance. In cancer cells, MPs shed
from the cell membrane are used to efflux the drug out of the
cancer cells. It has been suggested that inhibition of externaliza-
tion of PS using bisindolylmaleimide-I and D-pantethine, could be
used in conjunction with chemotherapy.83 Thus, future iterations
of our modeling approach can have implications for different
pathological conditions associated with MP formation.
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