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Abstract 

Phagocytosis is a fundamental cellular process by which cells engulf external par-

ticles, controlled by receptor–ligand binding and actin-driven membrane dynamics. 

While a number of mathematical models have been developed to describe this 

process, they often overlook membrane tension, a key physical parameter known to 

influence membrane deformation and cytoskeletal behaviour. To address this gap, 

we present an enhanced mathematical model of receptor motion during phagocyto-

sis that explicitly incorporates the role of membrane tension. Further, we introduce a 

signalling component that is coupled to receptor dynamics via the membrane tension. 

We find that including tension results in fundamentally different engulfment behaviour, 

which is slower than that predicted by models without tension. In particular, unlike in 

the previous version of this model, we show that tension can lead to stalled engulf-

ment, an experimentally-observed phenomenon known as frustrated phagocytosis. 

We also find that signalling is able to modify engulfment behaviour, especially at later 

stages, and is able to alter cup growth to become linear in time without the need for 

receptor drift as introduced in previous models. These findings offer new insights into 

the role of membrane tension and biophysical regulation in phagocytosis, with impli-

cations for immune function, cell motility and targeted drug delivery.

Author summary

Phagocytosis is the vital process by which specialised immune cells, such as 
macrophages, engulf and destroy marked targets such as bacteria, dead cells, or 
even cancer cells. While this is a cornerstone of our immune defence, the physi-
cal forces that govern how a cell stretches its membrane around a target remain 
difficult to experimentally measure. We developed a new mathematical framework 
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to explore how “membrane tension,” the physical resistance to stretching the 
cell’s surface, impacts this engulfment. We found that as a cell wraps around a 
target, rising tension acts like a mechanical brake, slowing the process down or 
even causing it to stop entirely, a phenomenon known as frustrated phagocytosis. 
However, our model also shows that cell signalling pathways can overcome this 
resistance by effectively relaxing the membrane, allowing the cell to complete the 
job quickly and efficiently. By identifying a specific mechanical window of target 
sizes that a cell can successfully ingest, our work provides fresh insights into how 
immune cells interact with their environment. These findings could eventually help 
scientists design more effective drug delivery systems or better understand un-
derlying biology of how certain pathogens manage to evade the immune system’s 
reach.

Introduction

Phagocytosis belongs to group of processes called endocytosis, which involves the 
active transport of cargo into the cell [1]. In particular, phagocytosis is a receptor- 
mediated, actin-dependent form of endocytosis that is responsible for ingesting  
relatively large objects, typically over 500nm [2]. It has a variety of uses including 
removing unwanted cells and debris, and as a way of acquiring nutrients.

Within the immune system, phagocytosis is a critical mechanism needed to elim-
inate pathogens and initiate other immune responses. It operates in both the innate 
immune system (which provides a rapid, non-specific defence) and the adaptive 
immune system (which is slower but antigen-specific and capable of immunological 
memory) [3]. Phagocytosis within the immune system is performed by specialised 
cells known as professional phagocytes, which include neutrophils, macrophages, 
mast cells and dendritic cells [4]. These detect infection sites, engulf foreign parti-
cles and present antigens to lymphocytes, thereby activating the adaptive immune 
response and triggering inflammation. Non-professional phagocytes like epithelial 
cells, fibroblasts and endothelial cells also perform phagocytosis, though with limited 
efficiency due to fewer pathogen-recognition receptors [5,6].

Phagocytosis is a complex, multi-step process. The initial stage, recognition, is 
mediated by a diverse set of membrane-bound receptors that bind target ligands 
either directly or via intermediary molecules known as opsonins (including antibodies 
and complement proteins) [7]. Once receptors bind their ligands, they trigger intra-
cellular signalling cascades involving kinases, adaptor proteins and small GTPases. 
This signalling promotes receptor clustering and cytoskeletal rearrangement, initiat-
ing the formation of the phagocytic cup, the membrane protrusion that progressively 
wraps around the target during engulfment. Actin polymerisation at the site of target 
engagement drives membrane extension around the target, and this actin-driven 
force is essential for successful engulfment, especially of large targets [8]. Motor pro-
teins such as myosins also contribute to the final closure of the phagocytic cup [9].
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Mathematical modelling offers the opportunity to understand complex processes throughout biology, not least phago-
cytosis, which involves diverse biophysical and biological processes such as receptor motion, actomyosin dynamics, 
intracellular signalling and membrane remodelling. Over recent decades, several models focusing on different aspects of 
phagocytosis have been developed [10–12]. One of the first was by Petri et al. in 1987 who proposed a phenomenological 
model treating phagocytosis as an irreversible bimolecular reaction, with phagocytes acting like macromolecules con-
taining multiple binding sites [13]. The model quantified the rate and capacity of phagocytosis using a rate constant and 
maximum uptake per cell.

Since then, increasingly sophisticated models have emerged to incorporate the role of other physical parameters, 
utilising a variety of approaches, including finite element modelling [14,15], Monte Carlo simulations [16] and the finite 
difference method [17]. Cell membrane tension is the in-plane mechanical force per unit length that resists the expansion 
of the cell’s surface area. It acts as a physical barrier to deformation, where the total tension arises from both the intrinsic 
elastic stretching of the lipid bilayer and the dynamic attachment of the underlying actin cytoskeleton. In particular, Her-
ant et al. proposed a finite element model to evaluate the membrane tension, during phagocytosis, finding that tension 
remains low during engulfment due to membrane insertion from internal stores [14,15]. They also showed that phagocy-
tosis involves a protrusive force driven by repulsion between the cytoskeleton and free membrane, and a flattening force 
from cytoskeletal attachment at the leading edge, likely mediated by unconventional myosins. van Zon et al. developed 
one of the first models to incorporate receptor motion during phagocytosis, highlighting how variations in receptor density, 
membrane curvature and actin recruitment can lead to distinct engulfment outcomes [18]. By identifying a mechanical 
bottleneck at half-engulfment, their work explains the experimentally-observed bimodal distribution of cup progression, 
either stalling before halfway or completing entirely. Tollis et al. instead used a Monte Carlo approach to elucidate the role 
of the cytoskeleton in phagocytosis, demonstrating that actin-driven force generation is not strictly required for engulfment 
[16]. Their model showed that passive receptor-ligand binding can drive phagocytic cup formation and successful uptake 
of small particles, though the process is slower and more variable. These predictions were supported experimentally using 
fibroblasts expressing mutant Fcγ receptors incapable of actin signalling.

Recent observations suggest that phagocytosis is not a continuous processes, but a set of individual punctuated 
events. In other words, phagocytosis occurs via a number of distinct stages [19,20]. For example, Kress et al. have shown 
that filopodia within macrophages retract by discrete steps [21]. The first mathematical model to account for this discrete 
nature of phagocytosis was proposed by Richards and Endres [17]. In this model, the motion of receptors within the mem-
brane is mapped to the well-known Stefan problem of phase transitions. This was later extended to a three-dimensional 
model that allowed the effect of target shape to be investigated [22].

Shadmani et al. developed an energy-based model that included a role for the plasma membrane tension [23]. 
They investigated the impact of a protein corona on receptor-mediated endocytosis and their simulations showed 
that membrane tension, while negligible for small particles, becomes a major limiting factor for larger ones. This 
model was able to elucidate the roles of various energy contributions in either inhibiting or facilitating receptor- 
mediated endocytosis.

Recently, Gov et al. developed a simplified coarse-grained model for simulating phagocytosis [24]. Their model 
accounts for various contributions to the energy, including the bending of the cell membrane, adhesion between the target 
and cell, actin polymerisation and chemical binding energy. They employed the Metropolis algorithm to minimise the sys-
tem energy and predict its subsequent state over time. Utilising their model, they explored the impact of target size, shape 
and orientation, showing that spherical particles are engulfed more easily than non-spherical ones of the same surface 
area, and that the orientation of non-spherical targets strongly influences engulfment dynamics. They also demonstrated 
that curved membrane-bound proteins self-organise at the leading edge of the phagocytic cup, reducing the bending 
energy and facilitating faster internalisation. They validated their model through experimental data, specifically examining 
the phagocytosis of polystyrene beads by macrophages.
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The size and shape of the target has been shown to have a dramatic effect on the outcome of phagocytosis [25–28]. 
Among the early work to investigate the role of target size is that of Tabata and Ikada [26] and Rudt et al. [28], who found 
that phagocytosis is maximised for microspheres in the size range of 1–2 µm. Rudt et al. further showed that surface 
coatings with long-chain poloxamers could nearly eliminate phagocytosis by sterically stabilising the particle surface. A 
similar study was conducted by Simon et al., who reported that increased target size leads to greater demand on the cell’s 
membrane reservoir, ultimately limiting uptake once the available membrane area is exhausted [27].

These studies were performed using spherical targets. However, the role of target shape has also been studied by various 
groups. These include Champion and Mitragotri, who showed that particle shape, not size, is the dominant factor in deter-
mining whether phagocytosis is initiated [29]. Specifically, they found that local geometry at the point of contact determines 
whether actin structures can form to support engulfment, with highly curved tips facilitating uptake more readily than flatter 
regions. Doshi and Mitragotri also determined that macrophage attachment is strongly influenced by particle geometry, with 
the greatest recognition occurring for shapes with a longest dimension of 2–3 µm, matching the size of many bacteria [30]. 
More recent work by Gov et al. [24] and Richards and Endres [22] showed that phagocytosis of non-spherical targets is 
highly sensitive to particle orientation, and that tip-first presentation often results in faster or more successful engulfment. 
Paul et al. also demonstrated experimentally that ellipsoidal particles are engulfed significantly more slowly [31].

In this paper, based on observations that membrane tension plays an important role during phagocytic engulfment 
[14,23,24,32], we extend the model in Richards et al. by incorporating the role of membrane tension [17]. While Herant et 
al. [14,15] and Gov et al. [24] have utilised finite-element and coarse-grained energy models, these approaches typically 
focus on global force balance or static energy minimisation. There remains a need for a dynamic framework that explores 
how tension interacts with the molecular-scale transport of receptors and intracellular signalling to determine the actual 
kinetics of cup growth. Hence, we also consider an improved form of signalling, with a more realistic link between signal-
ling and engulfment. Using our improved model, we then investigate the dynamics of engulfment, with a particular focus 
on how variations in cellular mechanical properties (such as membrane tension and bending stiffness) and target proper-
ties (such as size and ligand density) influence phagocytic behaviour.

Model development

We base our approach on the model of Richards et al. [17], which itself is based on the Gao et al. model of receptor- 
mediated endocytosis [33]. This model focuses on the motion of receptors in the cell membrane (see Fig 1). By moving to 
the edge of the phagocytic cup, receptors are able to bind ligands on the target particle and so progressively increase the 
size of the bound region until the target is completely engulfed.

For spherical targets (which is all we consider here) and neglecting stochastic cell membrane fluctuations, the system 
displays circular symmetry when viewed from directly above the target. This means that motion in the two-dimensional 
membrane only depends on the radial distance r away from the cup. Thus the density of receptors, our first model vari-
able, can be described as ρ(r, t), where t is the time. Initially, before any contact between the cell and the target, we 
assume a constant density of receptors, ρ(r, 0) = ρ0.

The second model variable is the phagocytic cup size, a(t), defined as half of the engulfed arc length. At the begin-
ning of phagocytosis this starts at zero and then gradually increases until full engulfment when a(t) = πR, were R is the 
target radius. We assume that receptors cannot unbind ligands, leading to a zipper-like mechanism where a(t) can never 
decrease. This agrees with several experimental results and previous models [17,18,34].

Our model also includes a simple role for intracellular signalling. This is a vital part of phagocytosis, which is much 
more active than other types of endocytosis [35]. Although the signalling pathways are complex [8,36], involving many 
different proteins and interactions, for simplicity we consider only a single signalling molecule that resides within the mem-
brane. This is described by our third and final variable, S(r,t), which represents the density of the signalling molecule at 
every point along the membrane.
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We now describe in detail the two parts of our model—receptor motion and signalling dynamics—along with how these 
are coupled together.

Receptor motion

There are a number of possible ways that receptors can move, include passive processes such as diffusion and active 
processes such as motion along actin filaments. Although previous models have included both of these, we here only 
consider diffusive behaviour. In fact, one of the main results we find is that, through a suitable coupling between signalling 
and receptor motion, it is possible to obtain previous engulfment behaviours without the need of also introducing active, 
drift-like dynamics. This does not mean that active processes are not present during phagocytosis, simply that they do not 
need to directly influence receptor motion. Rather active processes are likely to influence other properties of the system, 
such as the membrane tension, membrane curvature or receptor-ligand binding.

Since the cell membrane is two-dimensional (albeit with circular symmetry), we describe the receptor dynamics using 
the two-dimensional diffusion equation

	

∂ρ

∂t
= D

∂

∂r

(
r
∂ρ

∂r

)
,
	 (1)

where D is the diffusion coefficient. For the boundary condition far from the cup, we assume that the receptor density is 
always that of the initial density, i.e., ρ(r = ∞, t) = ρ0 for all times.

Upon first attachment of the target to the cell, a localised increase in receptor density occurs within the bound region. 
We assume this is because the ligand density ρL is larger than ρ0 and that all ligands within the cup are bound to recep-
tors, i.e., ρ(r, t) = ρL for r < a(t) (see Fig 1). Due to this increased density within the cup region, there is a lowered density 

Fig 1.  Model schematic showing the three main regions of the membrane: the bound region within the phagocytic cup, the contact region just 
outside the cup (where variables are labelled by the subscript +) and the unbound region where receptors are free to diffuse. The three model 
variables are the receptor density ρ(r, t), the signalling molecule density S(r,t) and the cup size a(t). Important other quantities include the initial receptor 
density ρ0, the ligand density ρL and the receptor density at the edge of the cup ρ+.

https://doi.org/10.1371/journal.pcbi.1014148.g001
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just outside the cup. The density at the very edge of the cup plays an important role in our model and is represented 
by ρ+ ≡ ρ(a(t), t). As explained in our previous work, based on the conservation of membrane-bound receptors, the cup 
growth rate can be expressed as [23]

	

da
dt

=
Dρ′+

ρL – ρ+
,
	 (2)

where ρ′+ is the derivative of the receptor density with respect to r evaluated at the cup edge.

The receptor density at the cup edge

To have a unique solution, the above system needs one more piece of information, which we take as the receptor density 
at the edge of the cup, ρ+ = ρ(a(t), t). This is a moving boundary condition because the cup size is continually growing. As 
in previous models, we determine ρ+ by considering the free energy.

We include four contributions to the free energy, with the first three the same as in previous models [22,23]. First, we con-
sider binding between the cell and the target. With an energy per receptor-ligand bond of –kBTCb, where Cb is the binding 
constant, kB the Boltzmann constant and T the temperature, the contribution of binding to the total energy is –πkBTρLCba(t)2

. Second, based on Helfrich’s classic expression for the membrane bending energy per unit area of 2kBTCcH2 [37], where Cc 
is the elastic bending modulus and H is the mean curvature, we find a total bending energy of 4πkBTCcH2a(t)2. For a spher-
ical target (which is all we consider here), H = 1/Rtarget, where R

target
 is the target radius. Third, the configurational entropy 

contributes kBT
∫
ρ ln ρ

ρ0
dA to the free energy, where the area integral extends over the entire membrane [38].

One of the key novelties in this study is the inclusion of an additional, fourth contribution to the free energy, that due to 
the membrane tension. As phagocytosis proceeds and the cell wraps around the target, there is typically an increase in 
membrane area with an associated elastic stretching energy. To model this, we consider a membrane of initial area A

0
 and 

tension per unit length of τ0. When the membrane area is increased by ∆A, we assume that the tension per unit length 
becomes τ = τ0 + Ct

∆A
A0

, where Ct is the tension coefficient. Then the energy due to membrane stretching is given by [39]

	
Etension =

∫ ∆A

0
τ (∆A′) d∆A′, where τ (∆A′) = τ0 + Ct

∆A′

A0
.
	 (3)

Evaluating the integral gives

	
Etension = τ0∆A +

1
2
Ct
(∆A)2

A0
.
	 (4)

The membrane tension parameters Ct and τ0 should not be interpreted as the physical surface tension measured in 
tether-pulling or micropipette aspiration experiments. In contrast, the present formulation does not solve a full membrane 
shape equation; instead, tension appears as an effective energetic contribution within the free-energy condition governing 
receptor density at the advancing cup boundary. As a result, its numerical value is model-dependent and not directly com-
parable to experimentally measured surface tensions or to parameters used in continuum mechanical models.

Since the cup area is approximately ∆A = 2πa(t)2 (assuming the membrane within the cup bends back on itself as 
explained in Richards et al. [17]) and given that a spherical cell of radius R

cell
 has surface area A0 = 4πR2

cell, the final 
energy due to tension is

	
Etension = 2πτ0a(t)2 +

πCt

2R2
cell

a(t)4.
	 (5)
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An important point to note is that, unlike the other contributions to the free energy that depend on a(t)2, the tension 
energy includes a term that depends on a(t)4. This difference is at the root of much of the interesting behaviour that we 
find below.

Including all four contributions, the system’s total free energy is given by

	

Etot(t)
2πkBT

=

(
–
1
2
ρLCb +

2Cc

R2
target

+
1
2
ρL ln

ρL
ρ0

+
τ0
kBT

+
Ct

4kBTR2
cell

a(t)2
)
a(t)2 +

∫ ∞

a(t)
ρ ln

ρ

ρ0
rdr,

	 (6)

where the τ0 and Ct terms are the new terms due to membrane tension.
Differentiating E

tot
(t) with respect to time gives

	

dEtot/dt
2πkBT

= – ρL

(
1 + Cb –

4Cc

ρLR2
target

–
ρ+
ρL

+ ln
ρ+
ρL

–
2τ0

ρLkBT
–

Ct

ρLkBTR2
cell

a(t)2
)
a(t)ȧ(t)

–
∫ ∞

a(t)
ρDχ′2rdr,

	 (7)

where χ = ln ρ
ρ0
+ 1 represents the chemical potential per membrane receptor. The integral represents the rate of energy 

dissipation in the unbound region, so that the remaining terms can be identified as the free-energy jump across the edge 
of the cup. Assuming this jump vanishes gives an expression for ρ+, the receptor density at the edge of the cup, as

	

ρ+
ρL

– ln
ρ+
ρL

= 1 + Cb –
4Cc

ρLR2
target

–
2τ0

ρLkBT
–

Cta(t)2

ρLkBTR2
cell

,
	 (8)

with the final two terms giving the new contribution due to membrane tension.
This last expression gives the boundary condition on ρ+, the final condition needed to give the system a unique solu-

tion. Interestingly, unlike in previous models where ρ+ was a constant, independent of time, the value of ρ+ now changes 
during engulfment as a(t) gradually increases. Due to this, the system no longer has an analytic solution and a numerical 
scheme is needed to make progress. Table 1 summarises the initial and boundary conditions.

Signalling dynamics

The second major component of our model is intracellular signalling. Without this, the model is more appropriate to 
receptor-mediated endocytosis and does not capture the active, energy-dependent aspects of phagocytosis. The various 
receptors involved in phagocytosis recognise different targets and initiate distinct signalling pathways [40]. These specific 
signals lead to membrane remodelling and cytoskeletal rearrangement, key aspects of phagocytosis that allow engulfment 
of targets significantly larger than those possible with other types of endocytosis [41,42]. A key cellular mechanism during 
phagocytosis is actin polymerisation, which forms a dense ring of actin filaments around the site where the target attaches 

Table 1.  Initial and boundary conditions for the system.

Condition type Description Expression

IC No engulfment at start a(0)=0

Initial uniform receptor distribution ρ(r, 0) = ρ0

BC Receptor density far from cup ρ(∞, t) = ρ0

Receptor density at the cup edge ρ(a(t), t) = ρ+

https://doi.org/10.1371/journal.pcbi.1014148.t001
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to the cell. High levels of actin in this region promote the formation of protrusions on the cell surface, resulting in the for-
mation of a phagocytic cup that progressively wraps around the target.

The full signalling pathways involved in phagocytosis are complex and still to be fully elucidated [35]. In our model, 
extending the approach by Richards and Endres [17], we abstract all signalling via a proxy membrane-bound signalling 
molecule, described by its density S(r,t). As with the receptors, we assume that the signalling molecule only moves via 
diffusion. However, unlike the receptors, we also allow S to degrade with a constant lifetime η and to be produced within 
the cup region at constant rate βρL (see Fig 2). This leads to the following model

	

∂S
∂t

=
DS

r
∂

∂r

(
r
∂S
∂r

)
+ βρLΘ(a(t) – r) – η–1S,

	 (9)

where DS is the signalling molecule diffusion constant (generally different to the receptor diffusion constant D) and Θ is the 
Heaviside step function, which ensures that S is only produced within the cup where r < a(t).

While we model signalling using a single proxy molecule, this variable should be interpreted as representing the 
combined activity of signalling pathways known to regulate actin polymerisation and membrane mechanics during 
phagocytosis. Candidates include small GTPases (such as Rac and Cdc42), PI3K signalling, and other regulators 
that promote cytoskeletal rearrangement and membrane extension. Our goal is not to model any specific pathway, but 
rather to capture their aggregate physical effect on receptor dynamics and membrane tension within a minimal theo-
retical framework.

The last ingredient of our model is how the signalling molecule S couples to the receptor density ρ. In the previous 
model by Richards and Endres [17], this coupling was via the receptor drift velocity. Since we do not include drift in our 
model (and since we do not need to), we instead couple S to another part of the system.

Fig 2.  The role of the signalling molecule S(r,t) in the model. Signalling molecule (S) dynamics during engulfment include three processes: produc-
tion with the cup region, constant-rate degradation and diffusion.

https://doi.org/10.1371/journal.pcbi.1014148.g002
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In particular, we consider linking S with the membrane tension by allowing the tension to reduce with increased signal-
ling. Biologically, this could be achieved either by inserting new membrane (which will decrease the parameter τ0) or by 
making the membrane less stiff (which will decrease Ct). In the latter case, this could be caused by changing the constit-
uents of the cell membrane itself, but is more likely due to remodelling of the actin cortex directly underneath the mem-
brane. In our model, we capture these effects using either

	
τ0 =

τ0,0
1 + τ0,1S+

or Ct =
Ct,0

1 + Ct,1S+
,
	 (10)

where S
+
 is the value of the signalling molecule concentration at the edge of the cup, i.e., S

+
 = S(a(t),t). The new con-

stants τ0,0 and Ct,0 represent the initial values of τ  and Ct before phagocytosis has begun. As engulfment proceeds 
and S

+
 gradually increases, the membrane tension gradually decreases, with the size of this effect controlled by τ0,1 

and Ct,1.
The overall effect of both of these couplings is to gradually increase the right-hand side of Eq. (8) during engulfment. In 

turn, this decreases the value of ρ+ and so leads to quicker engulfment than the a ∝
√
t  behaviour seen in the no signal-

ling case.

Results and discussion

The effect of membrane tension

We first examine how including membrane tension in our model affects the engulfment dynamics. To understand this fully, 
we initially consider the model without any signalling so that τ0 and Ct are constants. In previous models this has been 
described as a “pure diffusion” model since only the diffusive motion of receptors is considered, without any more active 
forces such as drift or signalling.

The role of membrane tension in our model is controlled by two parameters: the initial tension per unit length τ0 and 
the tension coefficient Ct. The effect of τ0 is simply to add another constant term to the ρ+ boundary condition (Eq. (8)). 
In particular, compared to a model that does not include the membrane tension and has all other parameters identical, 
the inclusion of τ0 increases the value of ρ+ and so slows engulfment. Further, a sufficiently large value of τ0 will lead to 
ρ+ > ρ0 when engulfment is never able to start.

The effect of the tension coefficient Ct is more non-trivial. Due to presence of the a(t)2 multiplying this coefficient in 
Eq. (8), the value of ρ+ increases during engulfment (as a(t) itself increases). This means there is no longer an analytic 
solution and a(t) no longer increases with the square-root of time. Instead wrapping of the phagocytic cup becomes slower 
and slower (compared to a(t) ∝

√
t) as engulfment proceeds (see Fig 3A).

The total engulfment time against Ct is plotted in Fig 3B, showing that the effect of tension can substantially increase 
the time for complete internalisation, with larger tension constants leading to longer engulfment times. It is worth noting 
that all these engulfment times are considerable longer than those observed experimentally. This is because we have not 
yet included the signalling component to our model; doing so later will result in more realistic total engulfment times.

At sufficiently large values of Ct, engulfment stalls before completion (see Fig 3A). This experimentally-observed phe-
nomenon [43,44], often called frustrated phagocytosis, has been captured in previous mathematical models [18], but was 
not seen in our previous receptor-based model. This reveals the existence of a critical value of Ct above which phagocyto-
sis fails to complete. In Fig 3B this is associated with the total engulfment time tending to infinity.

To investigate this further, we examined the stalling point across a range of membrane tension constants, with the 
results presented in Fig 3C. Above the critical Ct value, the maximum percentage engulfed decreases with increasing Ct. 
Although phagocytosis is always able to begin, for very large tension coefficients engulfment stalls when the target is only 
minimally wrapped.
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We next examined the effect of target size Rtarget on the total engulfment time. Interestingly, the fate of phagocytosis 
separates into four regions (see Fig 3D). First, for sufficiently small targets, engulfment can never even begin. This is 
because such targets are so curved that the cell membrane cannot wrap around them: the associated curvature energy is 
so large that ρ+ is above ρ0 even at t = 0.

As the target radius is increased the curvature term decreases and eventually engulfment is able to begin. We call the 
radius at which this happens Rstall, whose value can be found by solving Eq. (8) with ρ+ = ρ0 and a(t)=0. This leads to the 
second region in Fig 3D, where engulfment begins but stalls before completion. This is because, although ρ+ starts below 
ρ0 in such cases, the presence of the a(t)2 term in Eq. (8) means that ρ+ rises above ρ0 before the target is completely 
engulfed.

As the size of target is increased further, eventually a point is reached when phagocytosis completes (the third region in 
Fig 3D). The minimum target radius for this to occur is labelled Rmin. In sharp distinction to our previous model, this region 
only has finite width. For sufficiently large targets, i.e., those with radius above Rmax , the a(t)2 term becomes so large that 
engulfment again stalls, leading to the final region in Fig 3D. Thus our model correctly captures the experimental fact that 
both sufficiently small and large targets can not be phagocytosed.

Fig 3.  The effect of membrane tension on phagocytosis. (A) Cup size a(t) as a function of time for various tension coefficients Ct. In the absence of 
tension, the cup grows with the characteristic a(t) ∝

√
t  behaviour. However, with tension this is no longer the case and for sufficiently large values of Ct 

engulfment stalls before completion. (B) Total engulfment time against Ct showing divergence to infinite times as the critical Ct is reached. (C) Maximum 
percentage of target engulfed against Ct. Above the critical Ct, engulfment stalls and the percentage engulfed drops below 100%. Increasing Ct further 
show progressively less engulfment, with the largest Ct resulting in barely any engulfment at all. Parameter values for panels (A)-(C): D = 1µm2/s, 
Cc = 10, Cb = 15, τ0 = 0.014fN/m, kBT = 4× 10–21J, ρL = 500µm–2, ρ0 = 50µm–2, Rtarget = 2µm, Rcell = 10µm. (D) The total engulfment time as a function of 
the target size for Ct = 10–4fN/m with the other parameter values as above. Sufficiently small targets cannot be completely engulfed due the high bending 
energy. Similarly, sufficiently large targets stall before complete engulfment due to excessively high membrane tension. There is an intermediate target 
size corresponding to the shortest engulfment time.

https://doi.org/10.1371/journal.pcbi.1014148.g003
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The precise values of Rmin and Rmax  can be found by solving the quadratic equation obtained from Eq. (8) 
with ρ+ = ρ0 and a(t) = πRtarget . It is worth noting that the three critical radii that we identified are related by 

Rstall = RminRmax/
√
R2
min + R

2
max. For likely values of Rmin and Rmax , this implies that Rstall is only slightly below Rmin, perhaps 

explaining why frustrated phagocytosis of small targets has not yet been experimentally observed.
Within the region where phagocytosis fully completes (the third region), the engulfment time shows interesting 

non-monotonic behaviour: there is an optimal target size for which engulfment is quickest. Below this optimal size engulf-
ment is slower due to the high target curvature. Conversely, above the optimal size, although engulfment is quicker, there 
is a larger target surface area that thus requires more time to be wrapped. This prediction of an optimal target radius 
for the quickest engulfment agrees with previous models. However, unlike previous models, our model predicts that the 
optimal target size is only just above Rmin, which means the region of decreasing engulfment times is very narrow. Thus 
experimental studies are likely to miss this region and simply conclude that larger targets take longer to phagocytose.

Our model does not directly take into account the size of the cell and assumes there is infinite membrane available. 
For a more realistic cell of finite size there will be a target size above which the cell membrane will simply not be large 
enough to wrap the target. This will modify Fig 3D to introduce a fifth region at very large target sizes. As with the fourth 
region, this region will also correspond to stalled engulfment, but now stalling is due to limited available membrane rather 
than to high membrane tension. The idea of a maximum target size that can be engulfed matches with the ideas of Can-
non and Swanson that macrophages have a phagocytic capacity [43]. They observed that as the target size increases 
macrophages become less effective at phagocytosis, and that beyond a certain size cells are rarely able to complete 
engulfment.

Within our model we have also ignored the possibility of spare membrane. Cells can often buffer increases in mem-
brane tension through the deployment of membrane reserves (such as membrane folds, microvilli or vesicle fusion) or 
by creating de novo membrane [15,45]. Although we do not do so here, we could include this in our model by modifying 
Eq. (5). One way of doing this could be that for small cup sizes (i.e., small a(t)) there would be no associated tension 
energy (Etension = 0) as spare membrane is utilised. Only above some particular cup size would the tension energy start to 
increase.

Our receptor-diffusion formulation differs from the continuum mechanical approach of Herant et al. [15,33] and the 
quasi-static minimisation of Gov et al. [24] by treating cup advancement as a flux-dependent moving boundary problem. 
This allows us to uncover a previously inaccessible dynamical regime where signalling-coupled tension reduction drives 
linear cup growth without the need for active receptor drift. Furthermore, by identifying the a(t)4 scaling of tension energy, 
we provide a mechanistic explanation for frustrated phagocytosis that is tied directly to the depletion of the cell’s elastic 
capacity rather than just geometric constraints.

Finally, it is worth noting that our model treats the cell membrane as an elastic material, where membrane tension is 
a direct function of surface extension. However, biological membranes also exhibit viscoelastic behaviour and so can at 
times resist flow and deformation under stress. Potentially this could affect the outcome of phagocytosis. For example, the 
viscoelastic nature of membranes means that tension build-up during engulfment could be partially relaxed or delayed, 
allowing the cell to continue wrapping a target even when our simple model predicts stalling [46]. This would effectively 
postpone or even prevent the onset of frustrated phagocytosis, particularly when engulfing large targets [47].

Coupling tension to signalling

We now investigate the effect of including signalling alongside receptor motion. As explained above, we do this by cou-
pling the signalling molecule concentration S to the membrane tension, either via the initial tension per unit length, τ0, or 
via the tension coefficient, Ct (see Eq. (10)).

We focus first on τ0. Unlike increasing the tension coefficient Ct, which slows phagocytosis and can lead to stalling 
(see Fig 3A), the effect of signalling is to increase the rate of engulfment (see Fig 4A). Not only does signalling decrease 
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the total engulfment time, but it also fundamentally changes how the phagocytic cup grows with time, such that growth is 
faster than the a(t) ∝

√
t  found for the no-signalling, no-tension model. To quantify this growth behaviour, we fit a power 

law a(t) = Btα to the size of the cup during the first minute of engulfment. Here α is the cup growth power and B can be 
understood as the cup size when t = 1.

It is notable that signalling can lead to linear cup growth a(t) ∝ t  (Fig 3A). This has been reported in experimental work 
and was only possible in our previous model by modifying the receptor dynamic to include drift in addition to diffusion 
[17,22]. Our current model shows that drift is not required to capture linear cup growth, but that the same effect naturally 
arises by coupling signalling to the membrane tension. In fact, such coupling can even lead to super-linear growth as 
shown by the a(t) ∝ t1.4 growth seen in Fig 4A.

To further understand the effect of signalling on cup growth, we plot α against the τ0-signalling coupling constant τ0,1 
(Fig 4B). As expected, for zero coupling, the cup grows close to the square-root of time (α = 0.5). (The growth is not 
exactly α = 0.5 due to a non-zero Ct.) As τ0,1 is increased, the power α initially increases. This is because, as the sig-
nalling molecule density S gradually increases during engulfment, the value of S at the cup edge, S

+
, increases. This in 

turn decreases τ0 (as given by Eq. (10)), which decreases the value of ρ+ (as given by Eq. (8)), leading to progressively 
quicker and quicker engulfment.

Fig 4.  The effect of including signalling in the model. (A-C) The results of coupling τ0 to the signalling molecule. (A) The cup size a against time 
t shows that signalling can increase the cup growth behaviour to accelerate beyond a ∝

√
t . By changing the coupling constant τ0,1, it is possible to 

obtain linear or even super-linear growth in time. (B) The growth behaviour α (found by fitting a = Btα) starts around 0.5 for no signalling, increases to a 
maximum as τ0,1 is increased (dashed line) and then decreases back towards 0.5 as τ0,1 is further increased. (C) The total engulfment time decreases as 
τ0,1 increases, asymptoting to a constant value corresponding to the case where ρ+ = 0. (D) The results of instead coupling Ct to the signalling mole-
cule, showing that α increases as Ct,1 increases, but never exceeds 0.5. Parameter values for panels (A-C): D = 1µm2/s, Cc = 10, Cb = 15, Ct = 10–4fN/m, 
τ0,0 = 0.014fN/m, kBT = 4× 10–21J, ρL = 500µm–2, ρ0 = 50µm–2, Rtarget = 2µm, Rcell = 10µm, DS = 1µm2/s, β = 0.5s–1, η = 0.5s. Parameter values for panel 
(D) as for panels (A-C) but with Ct varying and τ0,1 = 0.

https://doi.org/10.1371/journal.pcbi.1014148.g004
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As τ0,1 is increased further the power α does not increase without limit, but reaches a maximum around α = 1.4. Further 
increasing τ0,1 gradually reduces α back towards 0.5. This is because large values of τ0,1 result in τ  increasing very quickly 
during engulfment, such that ρ+ quickly decreases towards 0. Once this happens ρ+ ≈ 0 becomes approximately con-
stant and cup growth becomes a(t) ∝

√
t  again. Our simulations show that the maximum value of α (as a function of τ0,1) 

depends on the other parameter values and is likely to have no finite upper limit.
We next examined the total engulfment time as the τ0,1 coupling is increased (Fig 3C). Unlike in the no-signalling 

model, which led to unrealistically long engulfment times, our model can now gives engulfment times just over a minute, 
corresponding well with experimental results. Even though the value of α depends non-monotonically on τ0,1, the total 
engulfment time gradually decreases as τ0,1 is increased, tending to a quickest engulfment time when ρ+ ≈ 0 throughout 
the whole of engulfment.

We have so far assumed that τ0 is coupled to signalling via Eq. (10). It is possible to extend this to

	
τ0 =

τ0,0
1 + τ0,1Sn+

,
	 (11)

where n is a dimensionless exponent. Increasing n above one leads to a sharper transition between high and low τ0 
values as S

+
 increases. Sufficiently large values of n result in a switch-like transition in τ0, which was how coupling was 

implemented in our previous model [17]. The effect of Eq. (11) with large n is to split cup growth into two distinct stages. 
Both stages are well described by a(t) = B

√
t  behaviour, but the coefficient B is larger in the second, later stage.

Finally, we examine the effect of coupling signalling, not to the initial tension per unit length τ0, but rather to the tension 
coefficient Ct (see Fig 4D). Unlike coupling to τ0, the cup growth power α is now always less than 0.5. This is because the 
Ct term in Eq. (8) is multiplied by a(t)2 and so is zero at t = 0. Thus this term can only increase during phagocytosis and so 
engulfment cannot proceed quicker than the classic a(t) ∝

√
t  behaviour. For small values of Ct,1, engulfment is slowed 

down as in Fig 3A, leading to values of α under 0.5. The effect of signalling in this case is to reduce the effect of tension at 
later stages of engulfment, with the largest values of Ct,1 restoring 

√
t  behaviour.

Biologically, it is quite plausible that signalling could affect the membrane properties, particularly its tension, in order to 
drive efficient engulfment. For instance, small GTPases and PI3K are known to modulate actin polymerisation and mem-
brane tension, both of which are essential for cup extension [48,49]. Our model predicts that increasing signalling can 
accelerate phagocytosis by decreasing local membrane tension. This aligns with experimental observations where inhibi-
tion of signalling pathways leads to stalled cups [50]. Furthermore, the emergence of switch-like engulfment dynamics at 
sufficiently high values of n coefficients may reflect a biological mechanism for target discrimination, allowing phagocytes 
to commit rapidly to opsonised or damaged cells while ignoring weaker, non-pathogenic stimuli [17,51].

Full model behaviour

Finally, we examine how the full model (including both membrane tension and signalling coupled to τ0) depends on the 
various parameters. To this end, we individually vary each of the model parameters and plot how each affects the total 
engulfment time T (see Fig 5).

Each parameter choice leads to one of three possible outcomes—phagocytosis fails to start, phagocytosis starts but 
stalls before completion, and phagocytosis completes—with only the last case having an associated total engulfment time. 
We find that our various model parameters separate into four distinct categories based on how the outcome of phagocyto-
sis depends on the parameter.

The first category, which includes the receptor diffusion constant and the three signalling molecule constants, are the 
cases where engulfment always completes for all values of the parameter (see Fig 5(A)-(D)). In the case of the receptor 
diffusion constant D, increasing values of D lead to quicker engulfment with T tending to zero for very large D (Fig 5(A)). 
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Fig 5.  Effect of model parameters on the total engulfment time. (A) The receptor diffusion constant, D. (B) The signalling molecule diffusion con-
stant, DS. (C) The signalling molecule production constant, β. (D) The signalling molecule lifetime, η. (E) The tension coefficient, Ct. (F) The cell radius, 
Rcell. (G) The binding affinity, Cb. (H) The curvature constant, Cc. (I) The initial membrane tension per unit length, τ0,0. (J) The initial receptor density, ρ0. 
(K) The target ligand density, ρL. (L) The target radius, Rtarget. Default parameters used in these simulations: D = 1µm2/s, Cc = 10, Cb = 15, Ct = 10–4fN/m, 
τ0,0 = 0.014fN/m, τ0,1 = 0.005µN/µm, kBT = 4× 10–21J, ρL = 500µm–2, ρ0 = 50µm–2, Rtarget = 2µm, Rcell = 10µm, DS = 1µm2/s, β = 0.5s–1, η = 0.5s.

https://doi.org/10.1371/journal.pcbi.1014148.g005
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This behaviour is very close to T ∝ 1/D, which is the exact analytic result in the case that signalling is turned off  
(i.e., when τ0,1 = 0). This matches the work of Jaumouillé and Waterman, who described how dynamic receptor redistribu-
tion, including lateral diffusion in the membrane, is crucial for assembling a functional phagocytic cup [52]. Supporting this 
further, Zhang et al. showed that receptor mobility enables Fc receptors to cluster efficiently at the site of contact, which is 
necessary for the cell to commit to phagocytosis [53].

The signalling production constant β (Fig 5(C)) and signalling lifetime η (Fig 5(D)) have similar behaviour in that 
increased β or η lead to quicker engulfment. However, unlike D, both β and η asymptote to a non-zero value of T for large 
values. This is because very large levels of signalling (and hence large values of S

+
) effectively set τ0 to zero, but this still 

leaves a non-zero right-hand side to Eq. (8).
The final parameter in this first category is the signalling molecule diffusion constant, DS, which shows interesting 

non-monotonic behaviour, with an intermediate DS corresponding to the quickest engulfment (Fig 5(B)). Low values of 
DS result in the signalling molecule concentrated near the base of the cup (where r = 0), leading to small values of S

+
 and 

so slow engulfment. Conversely large DS results in very quick spreading out of S over the whole membrane, which again 
results in relatively small S

+
 and so small T. This of course assumes that the effect of the signalling molecule is only felt at 

the edge of the phagocytic cup (i.e., at r = a), an assumption that is unlikely to be biologically accurate and that could be 
relaxed in future models.

The second category of behaviour are those parameters that show a switch between complete and stalled engulfment. 
Phagocytosis starts for all parameter values, but sometimes stalls before complete engulfment. This can only occur due 
to the presence of the a(t)2 term in Eq. (8), and so is seen only for the tension coefficient Ct and the cell radius Rcell. For 
the case of Ct, phagocytosis completes for small values, but stalls for Ct above some critical value when the membrane 
tension builds up during engulfment to such an extent that further cup growth become impossible (Fig 5(E)). For the case 
of Rcell the opposite behaviour is seen (Fig 5(F)): large cells can engulf the target, but lack of available spare membrane 
in smaller cells results in incomplete phagocytosis. Experimental studies agree with this and show that the phagocytic 
capacity of a cell is constrained by its size [43].

The third category are the parameters that switch from phagocytosis never starting to phagocytosis completing. There 
is no intermediate stalled regime, just a sharp switch between no engulfment at all and complete target wrapping (Fig 
5(G)-5(K)). These cases are related to the parameters in Eq. (8) that are not part of the a(t)2 term. If ρ+ ≥ ρ0 at the start of 
engulfment (i.e., when a = 0) then engulfment never starts, otherwise phagocytosis always completes.

There are five parameters in this category: the binding constant Cb, bending modulus Cc, initial membrane tension τ0,0
, initial membrane receptor density ρ0 and ligand density ρL. For the initial membrane receptor density, failed phagocytosis 
is associated with low values of τ0,0 due to there being no inward flux of receptors at the edge of the cup (Fig 5(J)). Sim-
ilarly, small binding constants do not show even partial engulfment since the energy gain from receptor-ligand binding is 
insufficient to drive engulfment (Fig 5(G)). This agrees well with the work of Freeman and Grinstein who emphasised that 
strong receptor-ligand interactions help stabilise the contact zone and amplify signalling [7].

The bending modulus and initial membrane tension display the opposite behaviour: it is large values of Cc (correspond-
ing to high energy penalty from bending the membrane around the target; Fig 5(H)) and large values of τ0,0 (Fig 5(I)) that 
are associated with failure to phagocytose. This idea is supported by Herant et al., who used mechanical modelling and 
live-cell imaging to show that neutrophils must lower their membrane tension to allow for the large deformations required 
during engulfment [15]. Similarly, Hallett and Dewitt gave evidence that flexible membranes are essential for efficient 
phagocytic cup formation, especially in neutrophils [54].

The final parameter in this category is the ligand density ρL, where the total engulfment time displays interesting 
non-monotonic dependence, with the quickest engulfment occurring for an intermediate ρL (Fig 5(K)). Small values of ρL 
do not lead to any engulfment since there is then relatively little energy gain from receptor-ligand binding. Conversely, 
large values of ρL do lead to complete engulfment but this takes a long time due to the high density of ligands on the 
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target that must be bound. This is consistent with earlier energy-based models of endocytosis, which showed that there 
is an optimum ligand density where membrane wrapping is energetically most favourable. Specifically, Gao et al. [33] 
and Shadmani et al. [23] demonstrated that particle uptake is optimised at intermediate ligand densities due to a balance 
between adhesive forces and membrane deformation energy. Richards and Endres reported the same results for phago-
cytosis and concluded that excessive ligand coverage can lead to slower uptake [17].

It is worth noting that the lack of a stall region in the third category of parameters is related to the size of the initial 
membrane tension, τ0. Once engulfment starts there are two competing factors determining whether phagocytosis com-
pletes: signalling (which increases the rate of engulfment) and the membrane tension (which slows engulfment). With our 
parameter values, signalling is always the dominant effect. However, for other parameter choices (e.g., small τ0,1) this is 
no longer the case and stalling can occur, albeit with unrealistically long engulfment times when phagocytosis does com-
plete. In such cases, the third category would display three regions (similar to Fig 3D for Rtarget < 2µm), with a no-wrapping 
region transitioning into a stall region and then into a complete-engulfment region as the relevant parameter is varied.

The final category of behaviour applies only to the target radius, Rtarget (Fig 5(L)). This is similar to Fig 3D, but now for 
the full model. However, there are some important differences. First, there is no longer an initial stall region just below Rmin

. This is for exactly the same reason as for the third category above: signalling dominates over membrane tension for our 
parameter choices so that ρ+ always decreases during engulfment. Also as above, this stall region can be reintroduced by 
choosing unrealistic parameters for τ0, with the plot then looking similar to Fig 3D.

Second, the quickest engulfment time is now around 120 s (cf. 90 mins in the case without signalling), demonstrating 
that our full model correctly captures the typical engulfment times seen experimentally. Notably, the critical target radius 
that corresponds to the shortest engulfment time is similar between the full model and no-signalling model, around 

Rtarget = 0.9µm in both cases, consistent with previous models [17,23,33].
Third, the maximum size target that can be engulfed increases from around 5µm in the no-signalling model to around 

10µm here, which again agrees with experimentally-observed values for R
max

 [15]. This result highlights the critical role of 
actin-mediated force generation in enabling efficient engulfment, particularly for larger targets. As noted by van Zon et al. 
[18], actin polymerisation not only provides the force necessary to deform the membrane around a target, but also actively 
drives cup progression and membrane advancement. Without actin involvement, phagocytosis either does not complete 
or is prohibitively slow, especially for target sizes beyond those of a typical bacterium.

Beyond reproducing known engulfment behaviours, this model provides several mechanistic insights that shift our 
understanding of phagocytic regulation. First, it reveals that active receptor transport (drift) is not a biological prerequisite 
for the linear cup growth observed experimentally. While previous models required a “drift” term to achieve these kinetics, 
we demonstrate that the dynamic coupling of signalling to membrane tension, effectively treating signalling as a mechan-
ical governor, is sufficient to drive linear and even super-linear growth. ‘Second, the model provides an explanation for 
long-term known frustrated phagocytosis, showing it to be an emergent property of the nonlinear relationship between 
membrane expansion and tension energy. This suggests that stalled engulfment is not merely a consequence of “running 
out” of membrane, but a physical state where the energetic cost of further expansion exceeds the chemical gain from 
binding. Finally, the model identifies a “mechanical window” for successful phagocytosis defined by the critical radii R

min
 

and R
max

. It predicts that the optimal target size for the fastest engulfment is located very close to the lower limit of engulf-
ment (R

min
), providing a potential explanation for why experimental studies often fail to capture non-monotonic engulfment 

times: the window for speed-up is simply too narrow to be easily observed.
While the present work focuses on the mechanistic principles of tension-regulated engulfment, the model’s validity 

is supported by its ability to recover experimental timescales. By utilising literature-standard values for bending energy 
(10 kBT) and binding affinity (15 kBT), the model naturally yields engulfment times (∼ 120 s) and maximum target sizes 
(∼ 10µm) that are in strong quantitative agreement with live-cell observations of professional phagocytes. However, the 
aim of this work is to develop a minimal biophysical model that captures the dominant physical mechanisms governing 
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engulfment dynamics rather than to provide a fully parameter-fitted description. We believe that focusing on these emer-
gent, cross-validated scales provides a more robust mechanistic insight than a high-precision fit to a single, cell-specific 
dataset, which often varies significantly across different biological environments.

Conclusions

In this paper, we have developed a model of phagocytosis that improves upon our previous model by incorporating the 
effects of membrane tension. Our findings highlight the critical role played by tension during phagocytosis and demon-
strate how it can significantly affect the engulfment dynamics. One of our key results is that, when membrane tension is 
considered, phagocytosis can begin but then stall before completion, a phenomenon that was not possible in our previous 
model but that has been observed experimentally. This agrees well with the theoretical results of van Zon et al. [18] who 
found, using a different model, that engulfment often stalls around half way.

We also included a signalling component to our model, where bound receptors cause altered engulfment dynamics. 
This is important during phagocytosis (the engulfment of relatively large > 0.5µm particles), which requires active pro-
cesses, typically related to actin, in order to be successful. By coupling signalling to our new addition of membrane tension 
(either via the parameters τ0 or Ct) we found that the total engulfment time can be substantially reduced down to a couple 
of minutes, agreeing well with experimentally-measured values.

In addition, the inclusion of signalling allows much larger targets to be engulfed (10µm in radius rather than 5µm in the 
no-signalling model), which again matches well with experimental results, where the maximum size that can be phagocy-
tosed has been shown to be about 20µm in diameter [15].

We also showed that signalling can fundamentally alter the cup growth behaviour, away from the a(t) ∝
√
t  predicted 

from non-signalling models. In fact, just by coupling signalling to membrane tension it is possible to achieve linear cup 
growth or even sup-linear growth. Previous models could achieve this only be including a drift component to the receptor 
dynamics.

Finally, we examined how our full model depends on the model parameters. As in our previous model, we found 
interesting dependence on the target size Rtarget. We predict that targets that are too small (Rtarget < 1µm) or too large 
(Rtarget > 10µm) cannot be engulfed via phagocytosis, although other types of endocytosis are able to ingest smaller tar-
gets. In addition, although we find that the total engulfment time T is non-monotonic with Rtarget, the region with T decreas-
ing is now so small that it can effectively be ignored: such a region is unlikely to be experimentally observable.

As with any model, we have made a number of assumptions and simplifications that are worth bearing in mind. First, 
we have assumed that growth of the phagocytic cup is chiefly controlled by the motion of receptors coupled to a single, 
proxy signalling molecule. The ability of the model to reproduce realistic engulfment dynamics suggests that this simpli-
fied description captures key features of the process. Second, we assumed that engulfment is circularly symmetric when 
viewed from directly above. This is not the case in general, but leads to a substantially simpler, one-dimensional system 
that is tractable analytically and numerically. Third, we ignored any system noise, which is undoubtedly present in any real 
cell. This again leads to a simpler, easier-to-understand system. Fourth, we assumed that all receptor-ligand bonds are 
stable and irreversible, resulting in zipper-like engulfment [16]. However, recent biophysical studies have suggested that 
receptor-ligand interactions are in fact transient [55], with their kinetics influenced by the mechanical forces generated 
during membrane deformation [56]. Allowing reversible binding could introduce additional dynamical behaviours, such 
as transient cup retraction or an increased likelihood of stalled engulfment; the present assumption therefore captures 
the strongly adhesive regime in which bond lifetimes exceed the characteristic timescale of engulfment. Fifth, the current 
model assumes that membrane tension begins to increase monotonically from the very onset of engulfment. In biological 
systems, however, the plasma membrane often possesses excess area in the form of folds, micro-wrinkles, or microvilli 
that serve as a geometric reservoir. Experimental observations suggest that significant increases in membrane tension 
may only occur after these reserves are fully ironed out or exhausted [57,58]. By treating the membrane as an elastic 
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surface that accumulates tension from beginning, our model may overestimate the initial mechanical resistance to cup 
formation. Nevertheless, the fundamental insights regarding the tension-stalling regime remain critically relevant for the 
later stages of phagocytosis, when such reservoirs are likely depleted and the membrane enters a regime of true elastic 
stretching.

Future work may aim to relax some of these model assumptions by, for example, considering a more complete three- 
dimensional system that includes noise. In addition, future versions of the model could include a dynamic binding frame-
work, where receptors are able to unbind from ligands with a rate depending on the mechanical force along the cup and 
membrane curvature.

Another possible future direction is to consider that only a portion of the available ligands on the target need to be 
bound by receptors. Experiments have shown that both the density and spatial arrangement of ligands can significantly 
impact phagocytic efficiency [53,59]. In addition, in real biological systems, not all ligands may be accessible, with 
factors like blockage by other proteins preventing full receptor binding. Incorporating a variable ligand-binding fraction 
into the model, possibly influenced by properties of the membrane or patterns of receptor clustering, could be a useful 
addition [60].

Finally, we here assumed that the role of signalling is to modulate one of the membrane tension parameters, either τ0 
or Ct. Future work could consider the possibility that both parameters are simultaneously affected. Further, the signalling 
density S could couple to entirely different factors, such as the membrane bending modulus Cc (with signalling lowering 
the modulus) or the receptor-ligand bond strength Cb (with signalling increases the bond strength). However, although 
these options would capture different biology, it is unlikely that they would substantially alter our conclusions on how sig-
nalling affects engulfment dynamics.

By including membrane tension in our previous model, we have developed a more realistic model of phagocytosis 
that demonstrates a richer set of behaviours. Continuing along this path in future, with the addition of further biophysical 
components (such as the role of the cytoskeleton and other intracellular components), will help elucidate the underlying 
mechanisms that govern phagocytosis, including its vital role in the immune system, with the ultimate aim of a complete 
understanding of one of nature’s most complex processes.

Methods

Numerical solution

We numerically solve our model system between r = 0 and r = L using the Euler method with ∆t = 2.5× 10–4s, ∆r = 0.01µm 
and L = 50µm. Finite difference versions of Eqs. (1), (2) and (9) are used at each time step. For maximum accuracy, a(t) 
is allowed to vary continuously (i.e., it is not restricted to lie on the lattice). The initial and boundary conditions are sum-
marised in Table 1, although we initialise the system with a small perturbation away from these values in order to trig-
ger engulfment. We verified that reducing ∆r  or ∆t  has negligible effect. Further details are given in our previous work 
[17,22].

Parameter values

Various bending constants have been measured in the literature, with values depending on cell type and ranging from 

1.5× 10–21J to 1.5× 10–19J [61,62]. Given that kBT = 4× 10–21J, we choose an intermediate value of Cc = 10. The bind-
ing constant is taken as Cb = 15, which is the FcγR-IgG binding free energy (15kBT) [63]. Based on the tension model we 
introduced here and by fitting to the measured engulfment times and range of target sizes that can be engulfed, we use 
Ct = 10–4fN/m, τ0,0 = 0.014fN/m and τ0,1 = 0.005µN/µm. Typical literature values are used for the initial receptor density 
ρ0 = 50µm–2 [33] and the ligand density ρL = 500µm–2 [64]. The receptor diffusion constant and signalling parameters are 
chosen as in our previous studies with D = DS = 1µm2/s, β = 0.5s–1 and η = 0.5s [17,22].



PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014148  April 8, 2026 19 / 21

Acknowledgments

DMR passed away before the submission of the final version of this manuscript. PS accepts responsibility for the integrity 
and validity of the data collected and analyzed.

Author contributions

Conceptualization: Peyman Shadmani, Behzad Mehrafrooz, Abbas Montazeri, David M. Richards.

Formal analysis: Peyman Shadmani, David M. Richards.

Funding acquisition: Peyman Shadmani, David M. Richards.

Investigation: Behzad Mehrafrooz.

Methodology: Peyman Shadmani, Behzad Mehrafrooz, David M. Richards.

Project administration: David M. Richards.

Supervision: Abbas Montazeri, David M. Richards.

Validation: Peyman Shadmani, Behzad Mehrafrooz, David M. Richards.

Visualization: Peyman Shadmani, Behzad Mehrafrooz, David M. Richards.

Writing – original draft: Peyman Shadmani, David M. Richards.

Writing – review & editing: Peyman Shadmani, Behzad Mehrafrooz.

References
	 1.	 Ivanov AI. Exocytosis and Endocytosis. Methods in Molecular Biology. Springer New York. 2016.

	 2.	 Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annu Rev Immunol. 1999;17:593–623. https://doi.org/10.1146/annurev.
immunol.17.1.593 PMID: 10358769

	 3.	 Stewart J. Innate and acquired immunity. Medical Microbiology. Elsevier. 2012. 109–35. https://doi.org/10.1016/b978-0-7020-4089-4.00024-x

	 4.	 Gordon S. Phagocytosis: An Immunobiologic Process. Immunity. 2016;44(3):463–75. https://doi.org/10.1016/j.immuni.2016.02.026 PMID: 
26982354

	 5.	 Richards DM, Endres RG. How cells engulf: a review of theoretical approaches to phagocytosis. Rep Prog Phys. 2017;80(12):126601. https://doi.
org/10.1088/1361-6633/aa8730 PMID: 28824015

	 6.	 Rabinovitch M. Professional and non-professional phagocytes: an introduction. Trends Cell Biol. 1995;5(3):85–7. https://doi.org/10.1016/s0962-
8924(00)88955-2 PMID: 14732160

	 7.	 Freeman SA, Grinstein S. Phagocytosis: receptors, signal integration, and the cytoskeleton. Immunol Rev. 2014;262(1):193–215. https://doi.
org/10.1111/imr.12212 PMID: 25319336

	 8.	 May RC, Machesky LM. Phagocytosis and the actin cytoskeleton. J Cell Sci. 2001;114(Pt 6):1061–77. https://doi.org/10.1242/jcs.114.6.1061 PMID: 
11228151

	 9.	 Swanson JA, Johnson MT, Beningo K, Post P, Mooseker M, Araki N. A contractile activity that closes phagosomes in macrophages. J Cell Sci. 
1999;112 (Pt 3):307–16. https://doi.org/10.1242/jcs.112.3.307 PMID: 9885284

	10.	 Beretta E, Solimano F, Takeuchi Y. A mathematical model for drug administration by using the phagocytosis of red blood cells. J Math Biol. 
1996;35(1):1–19. https://doi.org/10.1007/s002850050039 PMID: 9002239

	11.	 Macura N, Zhang T, Casadevall A. Dependence of macrophage phagocytic efficacy on antibody concentration. Infection and immunity. 
2007;75(4):1904–15.

	12.	 Tran CL, Jones AD, Donaldson K. Mathematical model of phagocytosis and inflammation after the inhalation of quartz at different concentrations. 
Scand J Work Environ Health. 1995;21 Suppl 2:50–4. PMID: 8929690

	13.	 Petri I, Egerer R, Stelzner A, Süss J, Schütz H. Development of mathematical models for an in vitro-phagocytosis test system. Zentralbl Bakteriol 
Mikrobiol Hyg A. 1987;267(2):217–27. https://doi.org/10.1016/s0176-6724(87)80007-x PMID: 3328926

	14.	 Herant M, Heinrich V, Dembo M. Mechanics of neutrophil phagocytosis: behavior of the cortical tension. J Cell Sci. 2005;118(Pt 9):1789–97. https://
doi.org/10.1242/jcs.02275 PMID: 15827090

	15.	 Herant M, Heinrich V, Dembo M. Mechanics of neutrophil phagocytosis: experiments and quantitative models. J Cell Sci. 2006;119(Pt 9):1903–13. 
https://doi.org/10.1242/jcs.02876 PMID: 16636075

https://doi.org/10.1146/annurev.immunol.17.1.593
https://doi.org/10.1146/annurev.immunol.17.1.593
http://www.ncbi.nlm.nih.gov/pubmed/10358769
https://doi.org/10.1016/b978-0-7020-4089-4.00024-x
https://doi.org/10.1016/j.immuni.2016.02.026
http://www.ncbi.nlm.nih.gov/pubmed/26982354
https://doi.org/10.1088/1361-6633/aa8730
https://doi.org/10.1088/1361-6633/aa8730
http://www.ncbi.nlm.nih.gov/pubmed/28824015
https://doi.org/10.1016/s0962-8924(00)88955-2
https://doi.org/10.1016/s0962-8924(00)88955-2
http://www.ncbi.nlm.nih.gov/pubmed/14732160
https://doi.org/10.1111/imr.12212
https://doi.org/10.1111/imr.12212
http://www.ncbi.nlm.nih.gov/pubmed/25319336
https://doi.org/10.1242/jcs.114.6.1061
http://www.ncbi.nlm.nih.gov/pubmed/11228151
https://doi.org/10.1242/jcs.112.3.307
http://www.ncbi.nlm.nih.gov/pubmed/9885284
https://doi.org/10.1007/s002850050039
http://www.ncbi.nlm.nih.gov/pubmed/9002239
http://www.ncbi.nlm.nih.gov/pubmed/8929690
https://doi.org/10.1016/s0176-6724(87)80007-x
http://www.ncbi.nlm.nih.gov/pubmed/3328926
https://doi.org/10.1242/jcs.02275
https://doi.org/10.1242/jcs.02275
http://www.ncbi.nlm.nih.gov/pubmed/15827090
https://doi.org/10.1242/jcs.02876
http://www.ncbi.nlm.nih.gov/pubmed/16636075


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014148  April 8, 2026 20 / 21

	16.	 Tollis S, Dart AE, Tzircotis G, Endres RG. The zipper mechanism in phagocytosis: energetic requirements and variability in phagocytic cup shape. 
BMC Syst Biol. 2010;4:149. https://doi.org/10.1186/1752-0509-4-149 PMID: 21059234

	17.	 Richards DM, Endres RG. The mechanism of phagocytosis: two stages of engulfment. Biophys J. 2014;107(7):1542–53. https://doi.org/10.1016/j.
bpj.2014.07.070 PMID: 25296306

	18.	 van Zon JS, Tzircotis G, Caron E, Howard M. A mechanical bottleneck explains the variation in cup growth during FcγR phagocytosis. Mol Syst 
Biol. 2009;5:298. https://doi.org/10.1038/msb.2009.59 PMID: 19690567

	19.	 Capinera JL. Encyclopedia of entomology. Springer Science & Business Media. 2008.

	20.	 Lerner DM, Deutsch JM, Oster GF. How does a virus bud?. Biophysical Journal. 1993;65(1):73–9.

	21.	 Kress H, Stelzer EHK, Holzer D, Buss F, Griffiths G, Rohrbach A. Filopodia act as phagocytic tentacles and pull with discrete steps and a load- 
dependent velocity. Proc Natl Acad Sci U S A. 2007;104(28):11633–8. https://doi.org/10.1073/pnas.0702449104 PMID: 17620618

	22.	 Richards DM, Endres RG. Target shape dependence in a simple model of receptor-mediated endocytosis and phagocytosis. Proc Natl Acad Sci U 
S A. 2016;113(22):6113–8. https://doi.org/10.1073/pnas.1521974113 PMID: 27185939

	23.	 Shadmani P, Mehrafrooz B, Montazeri A, Naghdabadi R. Protein corona impact on nanoparticle-cell interactions: toward an energy-based model of 
endocytosis. J Phys Condens Matter. 2020;32(11):115101. https://doi.org/10.1088/1361-648X/ab5a14 PMID: 31751982

	24.	 Sadhu RK, Barger SR, Penič S, Iglič A, Krendel M, Gauthier NC, et al. A theoretical model of efficient phagocytosis driven by curved membrane 
proteins and active cytoskeleton forces. Soft Matter. 2022;19(1):31–43. https://doi.org/10.1039/d2sm01152b PMID: 36472164

	25.	 Kawaguchi H, Koiwai N, Ohtsuka Y, Miyamoto M, Sasakawa S. Phagocytosis of latex particles by leucocytes. I. Dependence of phagocytosis on 
the size and surface potential of particles. Biomaterials. 1986;7(1):61–6. https://doi.org/10.1016/0142-9612(86)90091-8 PMID: 3955160

	26.	 Tabata Y, Ikada Y. Effect of the size and surface charge of polymer microspheres on their phagocytosis by macrophage. Biomaterials. 
1988;9(4):356–62. https://doi.org/10.1016/0142-9612(88)90033-6 PMID: 3214660

	27.	 Simon SI, Schmid-Schönbein GW. Biophysical aspects of microsphere engulfment by human neutrophils. Biophys J. 1988;53(2):163–73. https://
doi.org/10.1016/S0006-3495(88)83078-9 PMID: 3345329

	28.	 Rudt S, Müller R. In vitro phagocytosis assay of nano-and microparticles by chemiluminescence. III. Uptake of differently sized surface-modified 
particles, and its correlation to particle properties and in vivo distribution. European Journal of Pharmaceutical Sciences. 1993;1(1):31–9.

	29.	 Champion JA, Mitragotri S. Role of target geometry in phagocytosis. Proc Natl Acad Sci U S A. 2006;103(13):4930–4. https://doi.org/10.1073/
pnas.0600997103 PMID: 16549762

	30.	 Doshi N, Mitragotri S. Macrophages recognize size and shape of their targets. PLoS One. 2010;5(4):e10051. https://doi.org/10.1371/journal.
pone.0010051 PMID: 20386614

	31.	 Paul D, Achouri S, Yoon Y-Z, Herre J, Bryant CE, Cicuta P. Phagocytosis dynamics depends on target shape. Biophys J. 2013;105(5):1143–50. 
https://doi.org/10.1016/j.bpj.2013.07.036 PMID: 24010657

	32.	 Roberts RE, Dewitt S, Hallett MB. Membrane Tension and the Role of Ezrin During Phagocytosis. Adv Exp Med Biol. 2020;1246:83–102. https://
doi.org/10.1007/978-3-030-40406-2_6 PMID: 32399827

	33.	 Gao H, Shi W, Freund LB. Mechanics of receptor-mediated endocytosis. Proc Natl Acad Sci U S A. 2005;102(27):9469–74. https://doi.org/10.1073/
pnas.0503879102 PMID: 15972807

	34.	 Chu CC, Pinney JJ, Whitehead HE, Rivera-Escalera F, VanDerMeid KR, Zent CS, et al. High-resolution quantification of discrete phagocytic events 
by live cell time-lapse high-content microscopy imaging. J Cell Sci. 2020;133(5):jcs237883. https://doi.org/10.1242/jcs.237883 PMID: 32005699

	35.	 Swanson JA, Hoppe AD. The coordination of signaling during Fc receptor-mediated phagocytosis. J Leukoc Biol. 2004;76(6):1093–103. https://doi.
org/10.1189/jlb.0804439 PMID: 15466916

	36.	 Uribe-Querol E, Rosales C. Phagocytosis: Our Current Understanding of a Universal Biological Process. Front Immunol. 2020;11:1066. https://doi.
org/10.3389/fimmu.2020.01066 PMID: 32582172

	37.	 Helfrich W. Elastic properties of lipid bilayers: theory and possible experiments. Z Naturforsch C. 1973;28(11):693–703. https://doi.org/10.1515/znc-
1973-11-1209 PMID: 4273690

	38.	 Freund L. The role of binder mobility in spontaneous adhesive contact and implications for cell adhesion. Journal of the Mechanics and Physics of 
Solids. 2004;52(11):2455–72. https://doi.org/10.1016/j.jmps.2004.05.004

	39.	 Helfrich W, Kozlov MM. Bending tensions and the bending rigidity of fluid membranes. J Phys II France. 1993;3(3):287–92. https://doi.org/10.1051/
jp2:1993132

	40.	 Underhill DM, Ozinsky A. Phagocytosis of microbes: complexity in action. Annu Rev Immunol. 2002;20:825–52. https://doi.org/10.1146/annurev.
immunol.20.103001.114744 PMID: 11861619

	41.	 Lee WL, Mason D, Schreiber AD, Grinstein S. Quantitative analysis of membrane remodeling at the phagocytic cup. Mol Biol Cell. 
2007;18(8):2883–92. https://doi.org/10.1091/mbc.e06-05-0450 PMID: 17507658

	42.	 Swanson JA. Shaping cups into phagosomes and macropinosomes. Nat Rev Mol Cell Biol. 2008;9(8):639–49. https://doi.org/10.1038/nrm2447 
PMID: 18612320

https://doi.org/10.1186/1752-0509-4-149
http://www.ncbi.nlm.nih.gov/pubmed/21059234
https://doi.org/10.1016/j.bpj.2014.07.070
https://doi.org/10.1016/j.bpj.2014.07.070
http://www.ncbi.nlm.nih.gov/pubmed/25296306
https://doi.org/10.1038/msb.2009.59
http://www.ncbi.nlm.nih.gov/pubmed/19690567
https://doi.org/10.1073/pnas.0702449104
http://www.ncbi.nlm.nih.gov/pubmed/17620618
https://doi.org/10.1073/pnas.1521974113
http://www.ncbi.nlm.nih.gov/pubmed/27185939
https://doi.org/10.1088/1361-648X/ab5a14
http://www.ncbi.nlm.nih.gov/pubmed/31751982
https://doi.org/10.1039/d2sm01152b
http://www.ncbi.nlm.nih.gov/pubmed/36472164
https://doi.org/10.1016/0142-9612(86)90091-8
http://www.ncbi.nlm.nih.gov/pubmed/3955160
https://doi.org/10.1016/0142-9612(88)90033-6
http://www.ncbi.nlm.nih.gov/pubmed/3214660
https://doi.org/10.1016/S0006-3495(88)83078-9
https://doi.org/10.1016/S0006-3495(88)83078-9
http://www.ncbi.nlm.nih.gov/pubmed/3345329
https://doi.org/10.1073/pnas.0600997103
https://doi.org/10.1073/pnas.0600997103
http://www.ncbi.nlm.nih.gov/pubmed/16549762
https://doi.org/10.1371/journal.pone.0010051
https://doi.org/10.1371/journal.pone.0010051
http://www.ncbi.nlm.nih.gov/pubmed/20386614
https://doi.org/10.1016/j.bpj.2013.07.036
http://www.ncbi.nlm.nih.gov/pubmed/24010657
https://doi.org/10.1007/978-3-030-40406-2_6
https://doi.org/10.1007/978-3-030-40406-2_6
http://www.ncbi.nlm.nih.gov/pubmed/32399827
https://doi.org/10.1073/pnas.0503879102
https://doi.org/10.1073/pnas.0503879102
http://www.ncbi.nlm.nih.gov/pubmed/15972807
https://doi.org/10.1242/jcs.237883
http://www.ncbi.nlm.nih.gov/pubmed/32005699
https://doi.org/10.1189/jlb.0804439
https://doi.org/10.1189/jlb.0804439
http://www.ncbi.nlm.nih.gov/pubmed/15466916
https://doi.org/10.3389/fimmu.2020.01066
https://doi.org/10.3389/fimmu.2020.01066
http://www.ncbi.nlm.nih.gov/pubmed/32582172
https://doi.org/10.1515/znc-1973-11-1209
https://doi.org/10.1515/znc-1973-11-1209
http://www.ncbi.nlm.nih.gov/pubmed/4273690
https://doi.org/10.1016/j.jmps.2004.05.004
https://doi.org/10.1051/jp2:1993132
https://doi.org/10.1051/jp2:1993132
https://doi.org/10.1146/annurev.immunol.20.103001.114744
https://doi.org/10.1146/annurev.immunol.20.103001.114744
http://www.ncbi.nlm.nih.gov/pubmed/11861619
https://doi.org/10.1091/mbc.e06-05-0450
http://www.ncbi.nlm.nih.gov/pubmed/17507658
https://doi.org/10.1038/nrm2447
http://www.ncbi.nlm.nih.gov/pubmed/18612320


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014148  April 8, 2026 21 / 21

	43.	 Cannon GJ, Swanson JA. The macrophage capacity for phagocytosis. J Cell Sci. 1992;101 (Pt 4):907–13. https://doi.org/10.1242/jcs.101.4.907 
PMID: 1527185

	44.	 Labrousse AM, Meunier E, Record J, Labernadie A, Beduer A, Vieu C, et al. Frustrated phagocytosis on micro-patterned immune complexes to 
characterize lysosome movements in live macrophages. Front Immunol. 2011;2:51. https://doi.org/10.3389/fimmu.2011.00051 PMID: 22566841

	45.	 Figard L, Sokac AM. A membrane reservoir at the cell surface: unfolding the plasma membrane to fuel cell shape change. Bioarchitecture. 
2014;4(2):39–46. https://doi.org/10.4161/bioa.29069 PMID: 24844289

	46.	 Dai J, Sheetz MP. Membrane tether formation from blebbing cells. Biophys J. 1999;77(6):3363–70. https://doi.org/10.1016/S0006-3495(99)77168-7 
PMID: 10585959

	47.	 Hochmuth RM. Micropipette aspiration of living cells. J Biomech. 2000;33(1):15–22. https://doi.org/10.1016/s0021-9290(99)00175-x PMID: 
10609514

	48.	 Pollard TD, Borisy GG. Cellular motility driven by assembly and disassembly of actin filaments. Cell. 2003;112(4):453–65. https://doi.org/10.1016/
s0092-8674(03)00120-x PMID: 12600310

	49.	 Stradal TEB, Scita G. Protein complexes regulating Arp2/3-mediated actin assembly. Curr Opin Cell Biol. 2006;18(1):4–10. https://doi.
org/10.1016/j.ceb.2005.12.003 PMID: 16343889

	50.	 Araki N, Johnson MT, Swanson JA. A role for phosphoinositide 3-kinase in the completion of macropinocytosis and phagocytosis by macrophages. 
J Cell Biol. 1996;135(5):1249–60. https://doi.org/10.1083/jcb.135.5.1249 PMID: 8947549

	51.	 Underhill DM, Goodridge HS. Information processing during phagocytosis. Nat Rev Immunol. 2012;12(7):492–502. https://doi.org/10.1038/nri3244 
PMID: 22699831

	52.	 Jaumouillé V, Waterman CM. Physical Constraints and Forces Involved in Phagocytosis. Front Immunol. 2020;11:1097. https://doi.org/10.3389/
fimmu.2020.01097 PMID: 32595635

	53.	 Zhang Y, Hoppe AD, Swanson JA. Coordination of Fc receptor signaling regulates cellular commitment to phagocytosis. Proc Natl Acad Sci U S A. 
2010;107(45):19332–7. https://doi.org/10.1073/pnas.1008248107 PMID: 20974965

	54.	 Hallett MB, Dewitt S. Ironing out the wrinkles of neutrophil phagocytosis. Trends Cell Biol. 2007;17(5):209–14. https://doi.org/10.1016/j.
tcb.2007.03.002 PMID: 17350842

	55.	 Tummino PJ, Copeland RA. Residence time of receptor-ligand complexes and its effect on biological function. Biochemistry. 2008;47(20):5481–92. 
https://doi.org/10.1021/bi8002023 PMID: 18412369

	56.	 Allard JF, Dushek O, Coombs D, van der Merwe PA. Mechanical modulation of receptor-ligand interactions at cell-cell interfaces. Biophys J. 
2012;102(6):1265–73. https://doi.org/10.1016/j.bpj.2012.02.006 PMID: 22455909

	57.	 Masters TA, Pontes B, Viasnoff V, Li Y, Gauthier NC. Plasma membrane tension orchestrates membrane trafficking, cytoskeletal remodeling, and 
biochemical signaling during phagocytosis. Proc Natl Acad Sci U S A. 2013;110(29):11875–80. https://doi.org/10.1073/pnas.1301766110 PMID: 
23821745

	58.	 Cornell CE, Chorlay A, Krishnamurthy D, Martin NR, Baldauf L, Fletcher DA. Target cell cortical tension regulates macrophage trogocytosis. Nat 
Cell Biol. 2025;27(12):2078–88. https://doi.org/10.1038/s41556-025-01807-6 PMID: 41387582

	59.	 Kern N, Dong R, Douglas SM, Vale RD, Morrissey MA. Tight nanoscale clustering of Fcγ receptors using DNA origami promotes phagocytosis. 
Elife. 2021;10:e68311. https://doi.org/10.7554/eLife.68311 PMID: 34080973

	60.	 Li L, Hu J, Różycki B, Ji J, Song F. Interplay of receptor-ligand binding and lipid domain formation during cell adhesion. Front Mol Biosci. 
2022;9:1019477. https://doi.org/10.3389/fmolb.2022.1019477 PMID: 36203878

	61.	 Rawicz W, Olbrich KC, McIntosh T, Needham D, Evans E. Effect of chain length and unsaturation on elasticity of lipid bilayers. Biophys J. 
2000;79(1):328–39. https://doi.org/10.1016/S0006-3495(00)76295-3 PMID: 10866959

	62.	 Pontes B, Ayala Y, Fonseca ACC, Romão LF, Amaral RF, Salgado LT, et al. Membrane elastic properties and cell function. PLoS One. 
2013;8(7):e67708. https://doi.org/10.1371/journal.pone.0067708 PMID: 23844071

	63.	 Raychaudhuri G, McCool D, Painter RH. Human IgG1 and its Fc fragment bind with different affinities to the Fc receptors on the human U937, 
HL-60 and ML-1 cell lines. Mol Immunol. 1985;22(9):1009–19. https://doi.org/10.1016/0161-5890(85)90104-x PMID: 4069111

	64.	 Gandour DM, Walker WS. Macrophage cell cycling: influence on Fc receptors and antibody-dependent phagocytosis. J Immunol. 
1983;130(3):1108–12. https://doi.org/10.4049/jimmunol.130.3.1108 PMID: 6218200

https://doi.org/10.1242/jcs.101.4.907
http://www.ncbi.nlm.nih.gov/pubmed/1527185
https://doi.org/10.3389/fimmu.2011.00051
http://www.ncbi.nlm.nih.gov/pubmed/22566841
https://doi.org/10.4161/bioa.29069
http://www.ncbi.nlm.nih.gov/pubmed/24844289
https://doi.org/10.1016/S0006-3495(99)77168-7
http://www.ncbi.nlm.nih.gov/pubmed/10585959
https://doi.org/10.1016/s0021-9290(99)00175-x
http://www.ncbi.nlm.nih.gov/pubmed/10609514
https://doi.org/10.1016/s0092-8674(03)00120-x
https://doi.org/10.1016/s0092-8674(03)00120-x
http://www.ncbi.nlm.nih.gov/pubmed/12600310
https://doi.org/10.1016/j.ceb.2005.12.003
https://doi.org/10.1016/j.ceb.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16343889
https://doi.org/10.1083/jcb.135.5.1249
http://www.ncbi.nlm.nih.gov/pubmed/8947549
https://doi.org/10.1038/nri3244
http://www.ncbi.nlm.nih.gov/pubmed/22699831
https://doi.org/10.3389/fimmu.2020.01097
https://doi.org/10.3389/fimmu.2020.01097
http://www.ncbi.nlm.nih.gov/pubmed/32595635
https://doi.org/10.1073/pnas.1008248107
http://www.ncbi.nlm.nih.gov/pubmed/20974965
https://doi.org/10.1016/j.tcb.2007.03.002
https://doi.org/10.1016/j.tcb.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17350842
https://doi.org/10.1021/bi8002023
http://www.ncbi.nlm.nih.gov/pubmed/18412369
https://doi.org/10.1016/j.bpj.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22455909
https://doi.org/10.1073/pnas.1301766110
http://www.ncbi.nlm.nih.gov/pubmed/23821745
https://doi.org/10.1038/s41556-025-01807-6
http://www.ncbi.nlm.nih.gov/pubmed/41387582
https://doi.org/10.7554/eLife.68311
http://www.ncbi.nlm.nih.gov/pubmed/34080973
https://doi.org/10.3389/fmolb.2022.1019477
http://www.ncbi.nlm.nih.gov/pubmed/36203878
https://doi.org/10.1016/S0006-3495(00)76295-3
http://www.ncbi.nlm.nih.gov/pubmed/10866959
https://doi.org/10.1371/journal.pone.0067708
http://www.ncbi.nlm.nih.gov/pubmed/23844071
https://doi.org/10.1016/0161-5890(85)90104-x
http://www.ncbi.nlm.nih.gov/pubmed/4069111
https://doi.org/10.4049/jimmunol.130.3.1108
http://www.ncbi.nlm.nih.gov/pubmed/6218200

