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Abstract

Phagocytosis is the process of engulfment and internalization of comparatively large particles by 

the cell, that plays a central role in the functioning of our immune system. We study the process 

of phagocytosis by considering a simplified coarse grained model of a three-dimensional vesicle, 

having uniform adhesion interaction with a rigid particle, and containing curved membrane-bound 

protein complexes, or curved membrane nano-domains, redwhich in turn recruit active cytoskeletal 

forces. Complete engulfment is achieved when the bending energy cost of the vesicle is balanced 

by the gain in the adhesion energy. The presence of curved (convex) proteins reduces the bending 

energy cost by self-organizing with higher density at the highly curved leading edge of the 

engulfing membrane, which forms the circular rim of the phagocytic cup that wraps around the 

particle. This allows the engulfment to occur at much smaller adhesion strength. When the curved 

membrane-bound protein complexes locally recruit actin polymerization machinery, which leads 

to outward forces being exerted on the membrane, we find that engulfment is achieved more 
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quickly and at a lower protein density. We consider spherical as well as non-spherical particles, 

and find that non-spherical particles are more difficult to engulf in comparison to the spherical 

particles of the same surface area. For non-spherical particles, the engulfment time crucially 

depends upon the initial orientation of the particles with respect to the vesicle. Our model offers a 

mechanism for the spontaneous self-organization of the actin cytoskeleton at the phagocytic cup, 

in good agreement with recent high-resolution experimental observations.

Phagocytosis, also termed ‘cell eating’1–6, is a cellular process by which cells internalize 

extracellular particles that are relatively large (0.5 − 20μm). Phagocytosis plays an important 

role for the immune system, enabling immune cells to destroy foreign elements and clear 

dead cells and other debris7. This process is also important for diagnostic and therapeutic 

approaches to cancer, for example, using specialized engulfed particles8,9. Despite its 

biological importance, it is still not understood how the actin cytoskeleton is coordinated 

spatio-temporally during the phagocytosis process.

Phagocytosis (and endocytosis) in general requires receptors on the cell membrane that 

bind to the surface of the target particles10. Binding-driven engulfment, which does not 

involve the forces of the cytoskeleton, was modelled in10–15, with purely diffusive dynamics 

of the receptors10,12 as well as with active drift11,14. Engulfment of charged particles 

was previously modelled, and shown to depend on the lateral segregation of mobile 

charged membrane components (lipids and proteins), leading to a discontinuous wrapping 

transition16. The effect of signalling molecules was also considered in11, where using drift 

and diffusion the model successfully recovered the two stages of the process: an initial 

slow engulfment followed by fast engulfment of the second half of the spherical object, 

comparing to experiments of neutrophil phagocytosis of polystyrene beads11. Phagocytosis 

is, however, an active process which is known to involve the forces of actin polymerization 

that push the engulfing membrane forward17,18. In subsequent models, detailed description 

of active forces18–21 and also the bending and elastic energies of the membrane and 

cortex are considered22–26. The cytoskeletal components of phagocytosis were investigated 

during engulfment of artificially produced particles14,27–29, or during bacterial engulfment 

by the immune cell30–32. In14, it was found that the engulfment process either stalls 

before half engulfment of a spherical object, or leads to complete engulfment. In27,33, the 

experiment was performed using micro-pipettes to hold both the immune cell and the target 

particle, allowing the measurement of the cortical tension. Recent experiments provide high-

resolution details of the organization of the actin cytoskeleton at the rim of the phagocytic 

cup34–36, challenging the theoretical modelling of this process.

In reality, however, the shape of the engulfed particles, such as bacteria or viruses, may be 

highly non-spherical, which motivated several experiments with artificial particles of various 

geometries28,37–39. In28 it was found that the engulfment time for a non-spherical shapes 

can be five times larger than for a spherical particle37. In38 it was observed that an oblate 

spheroid was engulfed more easily compared to spheres, while spheres were easier to engulf 

compared to prolate spheroid, rod-shaped particles, or needles40. Note that the surface 

area was not kept constant for the particles with the different geometries. In theoretical 

studies, several non-spherical shapes were modelled, such as ellipsoids, rod-like particles, 
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and capped cylinder41–43, however, in these studies the effect of active forces have not been 

considered.

From these studies we know that the phagocytosis process involves highly complex 

dynamics of cytoskeleton rearrangement, membrane shape deformations and proteins 

aggregations7. There is at present no complete theoretical understanding of the dynamics of 

the self-organization of the membrane and actin cytoskeleton, including the active forces it 

exerts, during the engulfment process. Here, we address this problem, using a coarse-grained 

theoretical model44–46. In this model, a three-dimensional vesicle that contains curved 

membrane complexes47–49 which recruit the protrusive forces of the cytoskeleton50, was 

shown to describe spreading over a flat substrate46. The spreading of the vesicle in this 

model is driven by the self-organization of the curved proteins in the form of a leading edge 

aggregate, stabilized by the protrusive forces that describe the actin polymerization pressure. 

We therefore propose to use this model to describe the dynamics of the spontaneous 

recruitment of the actin cytoskeleton and the membrane spreading during phagocytosis. 

This modelling approach can be further motivated by the observations of curved membrane 

proteins that are also related to actin recruitment at the leading edge of the cell membrane 

protrusions51–54.

Using this model we aim to expose the role of curved membrane proteins, coupled with 

adhesion, in self-organizing and regulating the spatio-temporal dynamics of the active 

cytoskeletal forces, during phagocytosis. This minimal model allows us to explore the basic 

physical mechanisms during this process, which exist in addition to the more complex 

biochemical signaling, that plays a role in regulating phagocytosis6,55.

Materials and Methods

Theoretical modelling

We consider a three-dimensional vesicle (Fig. 1), which is described by a closed surface 

having N vertices, each of them connected to its neighbours with bonds, to form a 

dynamically triangulated, self-avoiding network, with the topology of a sphere44–46,56,57. 

For self-avoiding membrane network, the constraint of fixed topology also influences the 

vesicle shape determination58. The vesicle is kept in contact with a particle, with which 

the vesicle has an attractive interaction, as shown in Fig. 1. The vesicle energy has four 

following contributions: The bending energy is given by,

W b = κ
2 A

C1 + C2 − C0
2dA, (1)

where κ is the bending rigidity, C1, C2 are the principal curvatures and C0 is the spontaneous 

curvature. The discrete version of the bending energy is described in SI sec. S-1. The direct 

binding energy between protein complexes on nearest neighbour nodes is given by,

W d = − w
i < j

ℋ r0 − rij , (2)
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where, ℋ is the Heaviside step function, rij = | r j − r i| is the distance between proteins, 

r i, r j are the position vectors for i, j − tℎ proteins, and r0 is the range of attraction, w is the 

strength of attraction. The range of attraction is such that only the proteins that are in the 

neighbouring vertices can attract each other. The active energy cost for displacing a vertex i
containing a protein complex is given by,

ΔW F = − Fn̂i ⋅ Δri, (3)

where, F  is the magnitude of the active force, representing the protrusive force due to 

actin polymerization that is acting in the direction of outward normal vector of the local 

membrane surface (along n̂i) and Δri is the displacement vector of the protein complex. 

The âĂIJactiveâĂİ forces in our simulations are implemented as external forces that act on 

specific nodes of the system. This is done by giving a negative energy contribution when the 

points on which these forces act move in the direction of the force. This means that the work 

done by these forces effectively enters the energy calculation.

The above equation indicates that when the proteins are distributed inhomogeneously, there 

will be a net force on the vesicle in a particular direction46. However, in the present work 

we only simulate vesicles that are adhered to particles that are fixed in their location, which 

effectively links our vesicle to the lab frame thereby restoring momentum conservation 

(fixing the engulfed particle acts as an infinite momentum reservoir).

Finally, the adhesion energy is given by,

W A = − ∑
i′

Ead, (4)

where Ead is the adhesion strength, and the sum runs over all the vertices that are adhered 

to the phagocytic particle45,46,59. By ‘adhered vertices’, we mean all such vertices, whose 

perpendicular distance from the surface of the particle are less than ε. We choose ε to be 

equal to the length lmin, which is the unit of length in our model, and defines a minimal length 

allowed for a bond. Here, we assume that the particle is perfectly rigid such that no vertices 

can penetrate the particle. Note that in our model we measure Ead in energy units, since it is 

defined as the energy per adhered vertex or node. In the continuum description, however, the 

adhesion strength is defined in units of energy per area.

We update the vesicle with mainly two moves, (1) vertex movement and (2) Bond flip. In a 

vertex movement, a vertex is randomly chosen and attempt to move by a random length and 

direction, with the maximum possible distance restricted by 0.15 lmin. In a bond flip move, a 

single bond is chosen, which is a common side of two neighbouring triangles, and this bond 

is cut and reestablished between the other two unconnected vertices45,46,59. While the vertex 

movement allows the vesicle to change its shape, a bond flip mechanism provides lateral 

fluidity to the membrane, by allowing vertices (as well as the vertices that are occupied 

by protein complexes) to diffuse on the membrane surface. This lateral motion allows the 

protein complexes to move on the membrane surface and aggregate with other protein 

complexes to form larger aggregates. The maximum bond length is restricted to lmax = 1.7 lmin. 
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The particle is assumed to be static and does not have any independent dynamics. We update 

the system using Metropolis algorithm, where any movement that increases the energy of 

the system by an amount ΔW = ΔW b + ΔW d + ΔW F + ΔW A occurs with rate exp(−ΔW/kBT), 

otherwise it occurs with rate unity. Note that our model only captures the wrapping and 

engulfment events, while the other upcoming processes, such as the membrane fission60, 

and the movement of the engulfed particle inside the vesicle are not captured in the present 

model.

The forces exerted at the locations of the curved proteins, are “active” since they give an 

effective energy (work) term that is unbounded from below (3). This property defines them 

as out-of-equilibrium, as they can not arise in an energy conserving system. These active 

forces represent the pushing exerted on the membrane by polymerizing actin filaments61–64, 

which we do not model explicitly to reduce the complexity of the model65.

Unless specified, we use a vesicle of total number of vertices, N = 3127 (radius ∼ 20 lmin), 

where lmin is the unit of length in our model, and defines the minimum bond length. The 

bending rigidity κ = 20 kBT , the protein-protein attraction strength w = 1kBT , and ρ = Nc/N
is the protein density, with Nc vertices occupied by curved (convex) membrane proteins 

having spontaneous curvature: C0 = 1.0 lmin
−1 . Note that we do not conserve the vesicle 

volume, although this could be maintained using an osmotic pressure term as the volume 

constraint45. The membrane area is very well conserved △ A/A < 1% .

Note that our MC simulations do not describe the correct dynamics of the fluid motion 

around the membrane and the engulfed object. However, it gives the energetically most 

favorable trajectory that controls the dynamics, without the correct time-scales, which 

depend on the hydrodynamic dissipation. In addition, the actin filaments that exert the 

pushing forces at the leading edge of the phagocytic cup, also transmit traction forces to 

the engulfed particle, which can therefore move and rotate it. These traction forces are not 

explicitly described, as we maintain the fixed position of the engulfed particle, similar to 

some experimental set-ups66.

In this numerical study, we chose a fixed vesicle and spherical particle size, for which 

we have a reasonable balance between accuracy and simulation time. The vesicle radius 

was chosen to be Rvesicle 20 lmin, while the particle radius was taken to be R = 10 lmin (smaller 

and larger particles are explored in the SI sec. S-3, Fig.S1). The mesh size for these 

dimensions allows us to describe the membrane shapes during the engulfment process 

with good accuracy, even along the sharp (highly curved) leading edge. The leading edge 

curvature is determined by the spontaneous curvature of the curved proteins, which we kept 

from our previous work on vesicle spreading46. We quantified the accuracy by comparing 

the calculated mean curvature of the membrane with the discrete version, and find that 

even for spherical vesicles with a radius of 1 lmin, the error is only ~ 10% (Fig.S21). 

Clearly, membrane features that are on smaller lengthscales than lmin are not captured by this 

calculation.

Note that our continuum description of the membrane is valid for lengthscales that are larger 

than that of the membrane width or single-protein size. Our simulations are therefore valid 
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for particles that are larger than this lengthscale. Furthermore, we use the term “curved 

proteins” to describe any membrane-bound or membrane embedded protein complex, or 

larger nano-domains, that have the properties of spontaneous curvature and ability to recruit 

the nucleation of actin polymerization. Let us emphasize that our continuum model of the 

membrane is not a microscopic model, where each node of the mesh represents a single 

protein or lipid.

The length scale lmin that we use in our simulation does not necessarily correspond to be 

a particular length in reality. By signing a different real length to the basic length-scale 

of the simulation lmin  we do not change the resulting dynamics, for the following reason: 

The dynamics of the engulfment process depends on the energy gain/loss per additional 

adhered area increment (vertex). The adhesion energy per adhered vertex rescales as 1/lmin
2 , as 

does the bending energy per vertex (because the total bending energy of a specific shape is 

scale-invariant, provided we also rescale spontaneous curvature C0  accordingly). The active 

work is also independent of the absolute scale of lmin, as we define the force exerted by each 

vertex to be in units of kBT /lmin, and therefore its contribution to the total energy increment 

per unit area, also scales as 1/lmin
2 . The absolute scaling of lmin does not therefore change the 

qualitative nature of our simulation results: both the adhesion energy and the bending energy 

per unit area, scale as 1/lmin
2 .

There are important length-scales in this system which we wish to discuss. The first 

is the lengthscale given by the ratio between the adhesion and bending energy of the 

adhered membrane. This ratio determines the minimal radius of the spherical particle: 

Rc = 2κ/Eadlmin, below which the membrane does not lower its energy when adhering 

and therefore adhesion vanishes completely67. Above the critical radius the engulfment 

is inhibited by the interplay between the adhesion energy of the adhered membrane and 

the bending energy of the non-adhered membrane (see SI Fig.S2). The bending energy 

in this regime depends on the ratio of the vesicle to the particle size67, such that large 

particles are not engulfed due to the finite size of the vesicle. We demonstrate this using our 

simulations for the protein-free vesicle in the SI (Fig.S4). This analysis, and the dynamics 

of the engulfment in this regime, are modified when the vesicle contains curved proteins, 

as well as active forces, and is the main focus of this work. We leave for future studies the 

detailed exploration of the effects of some of the parameters of our model, such as C0.

Imaging of Macrophage Phagocytosis

Culturing of RAW264.7 macrophages (ATCC) and generation of murine bone-marrow 

derived macrophages is described in34. Macrophages were transfected with mEmerald-

Lifeact (Addgene, #54148) to label F-actin using the Neon electroporation system, 

according to manufacturerâĂŹs instructions, and allowed to recover for 24 hr. Flash Red 

polystyrene beads (Bangs Laboratories Inc., 7 μm diameter) were washed three times in 

sterile PBS and opsonized overnight at 4°C in 3 mg/mL mouse IgG (Invitrogen). To 

remove excess antibody, beads were washed three times with PBS and resuspended in 

sterile PBS. Beads were applied to macrophages, plated on 5 mm round coverslips, in a 

37°C-heated, water-coupled bath in imaging medium (FluoroBrite (Thermo Scientific), 0 – 

5 % FBS, Pen/Strep) prior to imaging acquisition. Imaging was performed using a lattice 
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light-sheet microscope operated and maintained by the Advanced Imaging Center at the 

Howard Hughes Medical Institute Janelia Research Campus (Ashburn, VA). 488, 560, or 

642 nm diode lasers (MPB Communications) were operated between 40 and 60 mW initial 

power, with 20 – 50 % acousto-optic tunable filter transmittance. The microscope was 

equipped with a Special Optics 0.65 NA/3.75 mm water dipping lens, excitation objective, 

and a Nikon CFI Apo LWD 25 × 1.1 NA water dipping collection objective, which used 

a 500 mm focal length tube lens. Images were acquired with a Hamamatsu Orca Flash 

4.0 V2 sCMOS cameras in custom-written LabView Software. Post-image deskewing and 

deconvolution was performed using HHMI Janelia custom software and 10 iterations of the 

Richardson-Lucy algorithm.

Results

We simulate the dynamics of a three-dimensional vesicle, which is described by a closed 

surface having N vertices, each of them connected to its neighbours with bonds, forming 

a dynamically triangulated, self-avoiding network, with the topology of a sphere45,46. On 

this network, we describe a population of curved proteins, that can diffuse in the membrane, 

and exert active forces. Within our model, the actin polymerization of individual filaments 

is not explicitly described65, but is mapped to out-of-equilibrium (active) forces that locally 

push outwards on the membrane. We first study the case where the phagocytic particle is 

spherical, and then generalize it for non-spherical particles as well.

We chose the surface area of the vesicle to be much larger (at least four times larger) than 

the particle’s, so that the engulfment is not inhibited by membrane surface area limitation. 

During phagocytosis the cell is able to increase the local membrane area6, to allow for 

phagocytosis of larger particles. Note that our vesicle does not represent the entire shape 

of the cell, and does not include the nucleus and other constraints. Further, we do not 

explicitly take into account the lateral68 and surface69 membrane tension, but our calculation 

conserves the membrane area (total area fluctuations of < 1%). In addition, we do not fix the 

vesicle volume, corresponding to vanishing osmotic pressure gradient across the membrane, 

as maintained in cells70. This allows our vesicle to undergo both large volume and shape 

changes during the engulfment process. Introducing a high osmotic pressure inside our 

simulated vesicle would act to conserve the volume45, and in this way hinder the engulfment 

process by inhibiting large vesicle shape deformations. The effects of osmotic pressure on 

the phagocytosis process can be further investigate in the future.

Spherical particles - Passive curved proteins

As a first validation of our model, we simulated the engulfment process of a spherical 

particle by a protein-free vesicle (see SI secs. S3–S4, Figs.S1–S4; Supplementary Movies–

S1,S2). In agreement with previous studies71 we find an optimal size for full engulfment of 

the particle in this system; very small particles can not be engulfed due to the high bending 

energy, while very large particles require larger vesicles in order to be fully engulfed. 

For our further simulations, we choose the particle radius to be R 10 lmin (where lmin is the 

minimal allowed length of an edge on the triangulated surface), which is a suitable size 

for the parameter ranges we simulate here. The protein-free case can be compared to a 
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simplified analytical model (see SI sec. S4), and used to calibrate the relevant parameter 

regime. Note that a fully engulfed state in our simulations is when the vesicle encloses the 

particle, such that only a small hole (of size 1–3 triangles) remains exposed, as shown in Fig. 

2d (leftmost image). Since we do not allow for membrane fusion, this hole remains.

Next, we consider vesicles with passive (F = 0, where F is the active protrusive force exerted 

by the proteins), curved proteins. In Fig. 2a, we show the phase diagram in the ρ − Ead 

plane (where Ead is the adhesion energy per adhered node, and ρ the areal density of the 

proteins on the vesicle membrane). For small Ead, below ~ 0.60 kBT, we only obtain partial 

engulfment, with the engulfment area increasing with ρ but not reaching full engulfment. 

For intermediate Ead (0.80 − 1.0 kBT), there is an incomplete engulfment for small ρ 
(Movie-S3), but the engulfment is complete for larger ρ (Movie-S4). This is the interesting 

regime, where engulfment is facilitated by the presence of the curved proteins.

Note that we calculate the adhered fraction of the spherical particle (Aad/Amax), using for 

Amax the maximum adhered area. This may be larger than the true surface area of the 

particle, since we defined a finite width of the adhesive interactions, and within this width 

the adhered membrane may fluctuate, therefore containing a larger membrane area than the 

area of the rigid bead surface (see for example the cross-sections in Fig. 2d, and for more 

details see SI, sec. S-2).

Increasing ρ reduces the bending energy cost of the engulfment by the spontaneous 

aggregation of the curved proteins at the sharp leading edge of the engulfing membrane, 

and allows the vesicle to adhere more and engulf the particle. This is the same mechanism 

that allows passive curved proteins to drive vesicle spreading on flat adhesive substrates46.

The engulfment process can be understood by considering the competition between adhesion 

and bending energy cost of the vesicle as the engulfment proceeds. In Fig. 2b we compare 

the adhesion energy gain (Ead) and bending energy cost (ΔWb), per additional adhered 

membrane node, as a function of the adhered fraction of the spherical particle. The bending 

energy cost increases with adhered fraction, and for small ρ the engulfment process stops 

where the bending energy cost becomes higher than the adhesion energy gain, per node. 

In Fig. 2b we show two cases of partial engulfment, for ρ = 0.8 %, 2.4 % (blue and 

green points), where the bending energy cost becomes larger than the adhesion energy 

gain, and the system reaches steady-state at Aad/Amax ~0.2, 0.35 respectively. At these 

low densities the curved proteins fail to form large aggregates at the leading-edge of the 

engulfing membrane, as shown by the mean cluster size (Fig. 2c), and therefore do not lower 

the bending energy cost sufficiently (see insets of Fig. 2c for the adhered fractions that are 

smaller than 0.5).

Complete engulfment is achieved for higher densities, where the adhesion energy gain is 

larger than the bending energy cost. For ρ = 4.0 % the bending energy cost is always smaller 

than the adhesion energy gain, and the system proceeds to complete engulfment (red points 

in Fig. 2b). This is driven by the formation of a large protein cluster along the leading-edge 

of the engulfing membrane (Fig. 2c and insets for adhered fractions that are larger than 0.5). 

However, the aggregation at the leading edge is transient, since as the radius of the hole gets 
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too small, the mean curvature of the rim of the hole decreases and is less favorable for the 

curved proteins (SI sec. S5, Fig. S5), which leads to the dispersal of the curved proteins on 

the membrane (Fig. 2d, ρ = 4.8%). This is the origin for the appearance of a maximum value 

of the mean cluster size during complete engulfment (Fig. 2c).

Note that in addition to the adhesion energy gain, there is also the gain in protein-protein 

binding energy, which further helps drive the membrane over the bending energy barrier, but 

this is a small contribution due to the small size of the ring-like clusters of proteins (Fig. 

2c). Following the completion of the engulfment, this ring-like cluster of curved proteins 

disperses spontaneously. Since the topology of the membrane is fixed, we do not allow for 

membrane fusion, and there remains a tiny open membrane neck that connects the engulfed 

sphere with the space outside the vesicle (Fig. 2d).

For very large ρ (Fig. 2a), however, the wrapping is again incomplete. The large number of 

curved proteins stabilize the cluster at the membrane rim and prevent the hole from closing 

up (Movie-S5). In Fig. 2d we show an example of the cross-sectional view of the vesicle 

at the end of the engulfment process. For high densities (ρ = 9.6% or larger) the protein 

cluster remains stable at the rim of the phagocytic cup. This cluster maintains the curvature 

of the rim to fit better the spontaneous curvature of the proteins, and this prevents the rim 

from shrinking, resulting in incomplete engulfment (SI sec-S6, Fig. S6). Note that at large 

densities the curved proteins form pearled clusters, that are not directly related to the rim 

cluster at the edge of the phagocytic cup.

For large Ead(≥ 1.2 kBT), the adhesion interaction between the vesicle and the particle is 

strong enough to drive complete engulfment even in the absence of curved proteins. The 

red dashed line in Fig. 2a encloses the region within which we find complete engulfment. 

The shape of this complete-engulfment transition line can be qualitatively reproduced by a 

simplified analytical model (SI sec. S7; Figs. S8, S9).

Finally, we also calculated the engulfment time as a function of ρ (see SI sec. S8, Fig. S10), 

where we find that it is decreasing with increasing ρ. The engulfment time diverges for ρ ~ 

2.25 %, below which there is no engulfment (for Ead = 1.0 kBT).

Spherical particles - Active curved proteins

Next, we study the engulfment of a rigid particle by a vesicle containing active curved 

proteins (Fig. 3). In order to expose most clearly the role of activity during the engulfment 

process, we start with a low concentration of curved proteins (ρ = 1.6 %), such that their 

passive effect is weak (Fig. 2a). In Fig. 3a, we show the engulfment phase diagram in 

the F − Ead plane. We find that the active forces enable full engulfment even at low 

adhesion strengths, where the passive curved proteins (F = 0) are not sufficient to drive 

full engulfment. For small Ead, the engulfment is incomplete even for large F, while for 

intermediate Ead the engulfment becomes complete as F increases (Movie-S6,S7,S8). For 

large values of Ead, the engulfment is achieved even for the passive system.

As for the passive case, we analyze the engulfment process by plotting the adhesion energy 

gain and the bending energy cost per adhered node, as a function of Aad/Amax. In Fig. 3b we 
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compare both the case of complete and incomplete engulfment, as the force is increased. As 

in the passive case, incomplete engulfment occurs when the bending energy cost per node 

becomes larger than Ead (blue boxes in Fig. 3b). For a higher force (F = 0.40 kBT/lmin), the 

active force enhances the aggregation of the proteins around the rim and thereby lowers the 

bending energy cost, resulting in complete engulfment (green circles in Fig. 3b).

Even higher forces (F = 2 kBT/lmin), produce large shape fluctuations of the vesicle, and 

the bending energy cost increases. However, a complete engulfment is achieved nevertheless 

(red triangles in Fig. 3b, and top insets in Fig. 3c). In this case, the engulfment is enabled by 

the active forces that directly push the membrane over the spherical surface, and complete 

engulfment is achieved even when the bending energy cost per node goes above Ead. In 

order to extract the contribution due to active forces in this case, we define a region close to 

the particle (phagocytic cup or rim) and assume that only the forces from these proteins are 

helping the vesicle to engulf the particle. We then calculate the magnitude of active forces 

in the tangential direction to the surface of the particle (Fig. 3d). We then divide this total 

force Ftotal by the length of the leading rim of the membrane, to extract the effective active 

work done per adhered node (see SI sec. S9, Fig. S11 for details). We add this active work 

to the adhesion energy gain per adhered node (red dashed line in Fig. 3b), which is shown to 

be sufficient to offset the bending energy cost per node. The magnitude of total active force 

(without scaling by rim length) as a function of the adhered fraction, is shown in the SI, Fig. 

S-11(c). It is clear from Fig.S11(c), that the total active force is very small during the early 

stages when the curved protein complexes are still dispersed over the membrane surface, so 

that their active forces are pointing in random directions, before they form the organized 

aggregate at the leading edge of the phagocytic cup.

Note that in the active case the complete engulfment can proceed at much lower densities of 

proteins, compared to the passive case, such that there are not necessarily enough of them 

to complete a ring-like cluster at the leading edge. An arc-like cluster of active proteins, 

that forms at an earlier stage of the engulfment process (red triangles in Fig. 3c), can 

be sufficient to drive a flat protrusion that spreads over the spherical particle to complete 

the engulfment (Fig. 3(c,d)). This is further shown in Fig. 3e, for larger protein densities 

(Movie-S9,S10). The spherical particle is transparent to ensure the visibility of the protein 

clusters along the rim of the phagocytic cup. Due to the higher density the rim clusters form 

at lower adhered fraction (compared to Fig. 3c), but they are still highly fragmented and do 

not merge to form a complete circular ring until very late stages of the engulfment (Fig. 3e).

Many of the qualitative spatio-temporal features that we found for the curved active proteins 

in our simulations match very well the recent high-resolution experimental images of the 

actin organization along the leading edge of the engulfing membrane protrusion during 

phagocytosis (Fig. 4, Movie-S11,S12)35. In both the experiments and the simulations we 

find that the actin ring50 is initially discontinuous, and highly fragmented, in the form of 

dispersed “teeth” and “arcs” along the leading edge. The actin aggregate becomes more 

cohesive in the final stages of the engulfment, before it disperses after the engulfment is 

complete (Also see SI sec. S10, Movie-S13). Note that in our model the curved membrane 

complexes are also the sites of recruitment of actin polymerization, which therefore ends 

up exerting a protrusive force on the membrane at these sites. We therefore identify the 
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membrane accumulation of the curved proteins in our simulations with the accumulation of 

cortical actin in the experimental observations.

When comparing to the experiments we have to remember the limitations of our numerical 

simulation, which can only describe membrane features that are on lengthscales larger than 

lmin (for a particle of radius 3.5μm, lmin = 350 nm). However, the main features of the actin 

organization that we highlight in Fig. 4a, namely the fragmented ring and its continuous 

closure, are on larger lengthscales and therefore reliably emerge in our simulations. We 

therefore found this choice of mesh resolution to be sufficient in order to explain the 

outstanding features of the membrane and actin organization during the engulfment, as 

observed in the experiments, while maintaining a reasonable computation time. Future 

studies using a finer mesh may allow to study smaller scale features of this process.

Spherical particles - Engulfment dynamics

The engulfment dynamics for the different systems are shown in Fig. 5a. We note that MC 

simulations do not provide us with the correct real time dynamics, as the hydrodynamic 

dissipation processes are not described. Nevertheless, we can obtain the qualitative form of 

the dynamics, as well as obtain relative engulfment times for comparison between different 

cases.

For the protein-free and passive proteins systems, driven by adhesion alone, we find in 

our simulations the typical “two-stage” behavior: an initial slow growth up to adhered area 

fraction of ~ 0.5, and then a very fast stage to complete engulfment. A similar behavior is 

also observed for the active system in the regime of low protein densities. This dynamics 

was observed experimentally, and for the passive engulfment system was also motivated by 

theoretical modelling11,16.

However, for the active system at high protein density, where the rim clusters form at an 

early stage of the engulfment process (Fig. 3e), we find a much more uniform dynamics 

with steady growth of the adhered fraction (Fig. 5a). This agrees qualitatively with the 

observations in66, as well as34,35, which indeed correspond to this regime (Figs. 3e,4).

In Fig. 5a the engulfment dynamics are shown as a function of normalized time, so the 

actual engulfment duration is not presented. The dependence of the mean engulfment time 

on the active force is found to be non-monotonic (Fig. 5b). Below a critical force, in the 

regime of low Ead and low ρ, where the passive system does not fully engulf (Fig. 3a), there 

is no complete engulfment (green shaded area). Above this regime, increasing force induces 

complete engulfment with faster and more robust engulfment as F increases. The engulfment 

time distribution in this regime is relatively narrow (Fig. 5c).

However, increasing F beyond some value, which is set by the relation of the adhesion 

energy and the active work, leads to increasing both the mean value and the variability of 

the engulfment time. This occurs due to active forces stretching the membrane away from 

the adhered particle (top insets in Fig. 3c), which gives rise to long “waiting times” during 

which the engulfment does not progress. Following this “waiting time”, once the protein 

aggregate forms at the membrane rim (Fig. 3c), the engulfment proceeds rapidly as seen 
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in Fig. 5a (yellow circles). This variability is manifested in the very broad distribution of 

engulfment times (Fig. 5d).

At even larger forces, the stretching of the membrane sideways by the active forces pulls 

the membrane away from the adhesive particle and prevents engulfment (blue shaded area in 

Fig. 5b, and SI sec S11, Fig. S13(a), Movie-S14).

In this regime of large F, if we further increase ρ, we reach the regime where a free vesicle 

will form a flat pancake-like shape, where all the proteins are aggregated at the rim45. In this 

regime the vesicle can engulf the particle if this process is faster than the timescale of the 

formation of the pancake-like shape (SI sec. S11, Fig. S13(b); Movie-S15). For very large 

forces, we find again a non-engulfed regime (similar to the blue shaded area in Fig. 5b, SI 

Fig. S13(c), Movie-S16).

Engulfment of non-spherical particles

Immune cells often engulf highly non-spherical objects, such as bacteria. Furthermore, 

studies with different particle shapes indicated a strong shape-dependence of the engulfment 

time and success rate12,14,28. We therefore study the engulfment of non-spherical particles 

by our vesicles that contain passive or active curved proteins.

We first consider spheroids. We keep the surface area constant, i.e. same as for the sphere of 

radius 10 lmin. We use prolate shapes (Rx = Ry < Rz) and oblate shapes (Rx = Ry > Rz), such 

that the aspect ratio Rx/Rz < 1 for prolate, and Rx/Rz > 1 for oblate.

In Fig. 6, we show the mean engulfment time for oblate and prolate spheroids, for both 

the cases when the vesicle is initially in contact from the top (the poles of the shape) or 

from the side (along the equator), as shown in the insets. For both passive and active curved 

proteins, we find that the engulfment times increase as the shape deviates from a sphere. 

This is in agreement with previous experimental observations28, and can be attributed to 

the higher local curvature on the non-spherical shapes, which increase the bending energy 

barrier that opposes the progression of the leading edge membrane during their engulfment. 

Furthermore, we find that the engulfment time increases more rapidly for the oblate shapes, 

compared to the prolate, for both passive and active, as was observed in experiments28.

For the particles with small aspect ratio (Rx/Rz close to unity), the engulfment time for 

all the cases are comparable. However, for the particles with large aspect ratios, there are 

significant differences in the engulfment times, between the passive and active systems. 

For passive curved proteins (blue triangles and red boxes), we find that the engulfment 

times increase sharply with the deviation from spherical shape. Furthermore, we find that 

initialising from the side (red boxes) results in relatively shorter engulfment times, especially 

for the oblate shapes. For an oblate particle with large aspect ratio (for Rx = Ry > 11 

lmin), the particle is engulfed from side, while it is not engulfed from the top (Fig. 6). For 

prolate shapes with large aspect ratios, however, the engulfment times seem comparable for 

both initial conditions. The differences between the engulfment dynamics on the oblate and 

prolate shapes arise from the different local curvatures that the edge membrane encounters 

during the engulfment: when adhering to the side (rim) of the oblate shape, the leading edge 
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moves mostly on the flat surfaces, which allow the balance of adhesion versus bending to 

be favorable for smooth progression of the forward motion. When spreading from the top 

of the prolate shape, the membrane edge encounters the highly bent surface all along the 

leading edge, and therefore faces a higher bending energy barrier for forward movement 

of the membrane72. When spreading from the side of the prolate shape, it is similar to the 

spreading of the vesicle on a cylinder, where one direction has low curvature, and therefore 

faster engulfment (see these dynamics in terms of the energy of adhesion and bending in Fig. 

S15).

By comparison, for active curved proteins the engulfment time is lower than for the passive 

case, even with a lower protein density, and the active curved proteins enable complete 

engulfment over a larger range of aspect ratios. We also note that for the active curved 

proteins it is the prolate shape that exhibits a dependence of the engulfment time on the 

initial conditions, where starting from the side (black circles) leads to faster engulfment. 

For the oblate shapes, however, the engulfment time is largely independent of the initial 

conditions, opposite to the behavior of the passive curved proteins.

For a non-spherical particle with high aspect ratio, due to the highly curved poles (in the 

prolate) or equator (oblate) regions, the engulfment process is slower and the variability in 

engulfment times increases. The slower engulfment allows the vesicle to reorient on the 

surface of the particle, driven by both passive energy minimization and active work. We 

show the details of this reorientation process in the SI sec. S12 (Movie-S17, S18, S19, S20, 

S21, S22).

When the vesicle is initially at the top of a prolate shape with high aspect ratio, the vesicle 

takes a longer time to form the initial adhesion since the particle’s surface facing the vesicle 

has high curvature in all directions. Following this slow initial adhesion time, the vesicle 

reorients itself always to the side and engulfs the particle, along the easier direction where 

the long axis of the prolate shape presents a direction of low curvature (Fig. S15e,f). For 

passive curved proteins, this reorientation process is faster and thereby the engulfment time 

when started from top or from side are comparable (blue triangles and red boxes in Fig. 6 for 

Rx/Rz < 1). For active curved proteins, this reorientation process is slower because of large 

shape fluctuations of the vesicle, and thus the engulfment time when started from the side is 

smaller than from the top (green inverted-triangles and black circles in Fig. 6 for Rx/Rz < 1).

For the oblate shapes we find a similar reorientation process when the vesicle starts the 

adhesion from the highly curved sides. In this geometry, the passive vesicle can engulf 

from side without any reorientation, which is very fast, or it reorients to the top of the 

oblate shape and ends up with no engulfment. Therefore, when we calculate the engulfment 

time we only average over those realizations where the particle was engulfed without any 

reorientation (red boxes for Rx > 11). Otherwise, the mean engulfment time of oblate shapes 

by passive vesicles diverges for both top and side orientations around aspect ratio ~1.25 (Fig. 

6). This value can be explained by the bending energy barrier along the oblate rim, and has 

local radius of curvature similar to the smallest spherical particle that can still be engulfed 

(SI sec. S13, Fig. S17).
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For the active case, the vesicle reorients in every realization and engulfs from the top. This 

reorientation process is very fast and the engulfment time is similar for starting either from 

the side or from the top (green inverted-triangles and black circles in Fig. 6 for Rx/Rz > 1).

We further explore more extreme non-spherical shapes, such as elongated sphero-cylinders 

and dumb-bell shapes in the SI (Sec. S14, Movie-S23, S24, S25, S26). The elongated 

particles resemble the shapes of different bacteria or fungi such as E. coli, Bacillus subtilis 
or budding yeast12,50,73.

Discussion

In this study we demonstrated that curved (convex) membrane-bound protein complexes, 

or curved membrane nano-domains49, both passive and active, can strongly affect the 

engulfment process of adhesive and rigid particles by a vesicle. The engulfment process 

that we calculate, especially using active curved proteins, exhibits many features that are 

observed during phagocytosis of rigid particles and pathogens by living cells. We therefore 

propose that our model exposes the physical mechanisms for the self-organization of the 

membrane and the actin cytoskeleton in the phagocytic cup. These physical mechanisms 

operate in the cell, in addition to the layers of signaling that allow the cell to optimize 

the activity of the cytoskeleton near the engulfed surface. However, the curvature-based 

feedback is shown here to be sufficient to drive the basic underlying dynamics.

We find that the curved proteins spontaneously aggregate around the highly curved rim 

of the phagocytic cup, and enable the engulfment to proceed efficiently by reducing the 

bending energy costs. The active forces in our model, which represent the protrusive forces 

due to the recruited actin polymerization, further facilitate the engulfment, due to several 

effects that we have identified: the protrusive force at the membrane leading edge promotes 

the aggregation of the curved proteins (reducing the bending energy cost), as well as directly 

pushing the membrane over the engulfed particle. However, our model predicts that if the 

active forces are too large, they induce membrane ruffles that are inefficient for smooth 

engulfment and may hinder the phagocytosis process.

In addition, the active forces can stretch the membrane to wrap around sharp corners, which 

enables engulfment of non-spherical particles. Compared to the passive curved proteins, 

the curved active proteins drive more efficient engulfment at lower adhesion energy, lower 

curved protein density, and of highly non-spherical particles. For oblate and prolate shapes 

we recover the experimentally observed increase in engulfment time with the aspect ratio. 

We expose the mechanisms that allow the active forces to more robustly overcome the local 

curvature barriers during the engulfment of such non-speherical objects. These results of 

our model highlight the central role that the recruitment of actin plays during phagocytosis, 

which is usually abolished by inhibition of actin polymerization (see for example74).

Our model predicts that the actin aggregation at the rim of the phagocytic cup is typically 

fragmented and does not form a complete circular ring. Nevertheless, it is still highly 

effective in driving the engulfment. Furthermore, the actin aggregate forms a more cohesive 

ring in the final stages of the engulfment, before it spontaneously disperses as the 
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engulfment is complete. These features of our model are verified and observed in recent 

high-resolution imaging of the actin during phagocytosis35 (Fig. 4).

The model we presented currently lacks the contractile forces that arise at the phagocytic 

cup due to myosin-II activity35. The contractile forces play an important role during the 

engulfment of soft objects, such as cells75–77, but they are dispensable for the phagocytosis 

of more rigid particles35,74. Contribution of myosin-II-mediated contractility may be 

more or less pronounced depending on the particle size and stiffness and, in addition, 

could influence mechanosensitive signaling within phagocytes rather than directly drive 

phagocytic cup extension and closure. Our results should therefore be important even 

without this feature, which we plan to add to our model in the future, especially when 

modelling the engulfment of flexible particles.

To conclude, we demonstrate that curved membrane proteins can play a key role during 

phagocytosis. Convex-shaped proteins or a curved complex of proteins, that furthermore 

recruit actin polymerization, spontaneously aggregate at the leading edge of the membrane, 

and drive robust engulfment. This is similar to the role of these proteins that was recently 

found at the leading edge of the lamellipodia, in experiments53,54 and theory46. We also 

show that concave-shaped proteins can further enhance the engulfment process by reducing 

the bending energy cost of the membrane that adheres to the particle’s surface78,79 (SI sec. 

S15, Fig. S20, Movie-S27). Our results should motivate future experimental studies aimed 

at the identification and characterization of the different curved membrane components that 

participate in phagocytosis3,52,80.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic representation of our model. The vesicle is formed by a closed triangulated 

surface, having N vertices connected to neighbours by bonds. The red vertices on the surface 

of the vesicle represent the curved membrane protein complexes, while the blue vertices 

represent the bare membrane. A zoomed version of a small section of the vesicle surface is 

shown in the inset. The vesicle is kept in contact with a particle, having attractive interaction 

between them. We consider spherical as well as non-spherical particles, such as spheroid, 

spherocylinder, dumb-bell etc.
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Fig. 2. 
Sphere engulfment by a vesicle with passive proteins. (a) Phase diagram in the Ead − ρ 
plane, where Ead is the adhesion strength and ρ is the density of curved membrane proteins. 

Background color is showing the adhered area fraction. The red dashed line is approximately 

separating the fully engulfed state and the partially engulfed state. The snapshots are shown 

for Ead = 0.60, 0.80, 1.0, 1.20 (in units of kBT) and ρ = 1.6 %, 4.8 %, 9.6 %, 12.8 %, 

16%, 19.2 %. (b) Comparison of adhesion energy gain (dashed horizontal line) and bending 

energy cost (ΔWb, points) per adhered node (both having units of kBT) as a function of 

the engulfment fraction, for a fixed adhesion strength Ead = 1.0 kBT and various values 

of ρ. Blue symbols denote ρ = 0.8%, green circles for ρ = 2.4% and red triangles for ρ 
= 4.0%. The origin of the large error bars is due to the large fluctuations in the bending 

energy at the leading edge of the membrane, as well as having a relatively small ensemble 

of simulations for each case. (c) Mean cluster size (mean number of proteins in a cluster) 

as a function of the engulfed area fraction, for both partial and complete engulfment cases. 

The colors codes are same as fig. 2b. Inset shows the increase in the density of curved 

proteins at the rim of the phagocytic cup during the engulfment process, for ρ = 4.0%. 

(d) Examples of cross-sections of the vesicle membrane around the particle, at the end of 

the engulfment process, for different protein densities. We use Ead = 1.0 kBT here. Other 

parameters are: The total number of vertices (nodes) in the vesicle N = 3127, the radius 

of the spherical particle R = 10 lmin, the bending rigidity κ = 20 kBT, the protein-protein 

attraction strength w = 1 kBT, and the spontaneous curvature of curved (convex) membrane 

proteins C0 = 1.0 lmin
−1 .
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Fig. 3. 
Sphere engulfment by a vesicle with active proteins. (a) Phase diagram in the Ead − F plane 

for a low concentration of curved proteins ρ = 1.6%, where F represents the protrusive force 

due to actin polymerization that is coupled with the curved membrane proteins. Background 

color is showing the adhered area fraction. The dashed yellow line approximately separates 

the fully engulfed (above the line) from the partially-engulfed states. The snapshots are 

shown for Ead = 0.60, 0.80, 1.0, 1.20 (in units of kBT) and F = 0.20, 0.40, 0.60, 0.80, 1.0 

(in units of kBT/lmin). (b) Comparison of bending energy cost with the adhesion energy gain 

(both having units of kBT per adhered node) for different values of F. The blue boxes, green 

circles and the red triangles are for F = 0.1, 0.4 and 2 (in units of kBT/lmin) respectively. The 

red dashed line is showing the combined effective energy gain per adhered node, including 

the adhesion and the work done by the active forces (for F = 2 kBT/lmin). (c) The mean 

cluster size as a function of engulfed area fraction, for the same cases shown in (b) (same 

color code). Lower snap-shots correspond to F = 0.1, 0.4, and top snap-shots to F = 2. (d) 

Snap-shots of the vesicle (F = 2 kBT/lmin) indicating the contribution of the active forces to 

the the engulfment. Arrows show the tangential component of the individual forces (small 

arrows), and the direction of the total force (large arrow), for proteins that are close to the 

spherical surface. For (b-d), we use Ead = 1 kBT and ρ = 1.6 %. (e) Mean cluster size for 
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large Ead and ρ. Green circles are for ρ = 6.4%, F = 1.0 kBT/lmin, and blue boxes are for ρ = 

4.8 %, F = 2.0 kBT/lmin. We use Ead = 1.5 kBT for both the cases.
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Fig. 4. 
Comparison of the actin organization at the rim of the phagocytic cup, observed in 

simulations (a) and experiments (b). In both the in vitro experiments and the simulations 

we find that the actin ring is highly fragmented, in the form of dispersed “teeth” (yellow 

arrows) or in more continuous “arcs” (red arrows) along the leading edge. “Arcs” often 

connect to form a complete ring around the leading-edge rim during the final stage of 

the engulfment process, both in the simulations and the experiments. The actin aggregate 

becomes more cohesive in the final stages of the engulfment, before it disperses after the 

engulfment is complete. (a) Snapshots from a simulation, using Ead = 1.50 kBT, ρ = 6.4 % 

and F = 1.0 kBT/lmin. (b) Time-lapse sequences of maximum intensity projection images 

illustrating engulfment of Immunoglobulin-G-coated polystyrene beads (7 μm diameter) by 

(upper) RAW264.7 macrophage-like cell line and by (lower) murine bone-marrow derived 

macrophages, imaged by lattice-light sheet microscopy. In (b), cells were transfected with 

mEmerald-Lifeact to label F-actin. Scale bar 5 μm, time is indicated in min:sec.
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Fig. 5. 
Engulfment dynamics for spherical particles. (a) Different growth behaviour of adhered 

fraction with time for protein-free, passive and active cases. We scale the area axis by 

maximum adhered area (Amax) and time axis by the engulfment time (teng). Blue cross 

symbols are for protein free case with Ead = 1.30 kBT; green star symbols for passive 

proteins with Ead = 1.0 kBT and ρ = 4.0 %; red boxes for Ead = 1.0 kBT, ρ = 1.6% and F 
= 0.40 kBT/lmin; yellow circles for Ead = 1.0 kBT, ρ = 1.6% and F = 2.0 kBT/lmin; black 

triangles for Ead = 1.50 kBT, ρ = 6.4 % and F = 1.0 kBT/lmin. (b) Engulfment time as a 

function of F, showing the non-monotonic behavior: below and above a critical force (green 

and blue shaded areas respectively) there is partial engulfment. (c-d) Distributions of the 

engulfment time for F = 1, 2 kBT/lmin, respectively.
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Fig. 6. 
Mean engulfment time for non-spherical particles. The vertical dashed line is separating 

oblate (right) and prolate (left) shapes. Here, for the passive case, we use: Ead = 1.0 kBT, ρ 
= 4.8%, and for the active case: Ead = 1.0 kBT, ρ = 1.6%, and F = 1.0 kBT/lmin. The surface 

area of all the shapes is constant, and equal to that of a sphere of radius 10 lmin. The insets 

demonstrate the initial conditions of either starting from the top (poles) of the shapes (along 

their axis of rotational symmetry), or from the side (equator).
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