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S-1. DISCRETE VERSION OF BENDING ENERGY

The bending energy of the vesicle has the form [I],
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In the absence of any spontaneous curvature, the integration of the square of the mean curvature over the entire
surface can be discretized in the following way [2]:
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where the outer sum runs over all the vertices and the inner sum runs over all the neighbours of i-th vertex. R; is
the radial vector of the vertex i, d;; is the distance between the vertices ¢ and j, o; is the area of the cell (formed by
the vertex i and all its neighbours) in the dual lattice defined as,
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where o;; is the distance between the vertices ¢ and j in the dual lattice.
In the presence of curved membrane proteins, the spontaneous curvature of the i-the vertex is ¢; (say). Then the
bending energy of the i-th vertex can be written as,

where,
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Thus, the total bending energy of the vesicle can be written as,

Wy =Y Wi(i) (S-3)

where, the sum runs over all the vertices of the vesicle.

S-2. CALCULATION OF A,q AND A,,.. IN OUR SIMULATION

In our simulation, we define the adhesion energy (W4) as the total number of adhered vertices multiplied by the
adhesion strength E,4. So, we do not actually calculate the true adhered area of the vesicle (A,4), rather we only
calculate the number of adhered vertices (IVgq) in our simulation. In order to estimate the adhered area from adhered
number of vertices, we multiply the number of adhered vertices with the average area per vertex < A > /N, where
< A > is the average area of our vesicle (with fluctuations < 1% since the area is conserved in our simulation)
and N is the total number of vertices in the vesicle. An estimation of < A > can be made using the simplified
assumption that the average area of a single triangle a,, is the area of the triangle when all its sides are of length
lav = (Lmin + lmaz)/2 = 1.35 L. This calculation gives agq, ~ 0.79 lfnm. The value of ag, calculated using our
simulation gives aq, ~ 0.76 [2,;,, which is very close to the above estimation. The total number of triangles in the
vesicle are ~ 2N for N > 1. So, the average area per vertex < A > /N ~ 2a,,.

In order to calculate A,,q. in the case of a full engulfment, we calculate the maximum number of adhered vertices
Ninaz, and then multiply with the factor “adhered area per vertex”. The maximum number of adhered vertices
(Nimaz) in a full engulfment case may also vary slightly when we change any parameter such as E,q, p etc. So, we
scan the value of N,,,, for a given E 4 by changing other parameters, such as p, F etc., and consider the maximum
one to be our Ny,qz-

Since, in almost all cases, we are mainly interested in the ratio of Ayq/Amaz, the factor for the “adhered area
per vertex” cancels, and does not matter much, however, when we need to compare the actual adhered area with
the surface area of the particle, we indeed need to estimate the adhered area by multiplying the adhered number of
vertices with this factor.

Since we have a finite resolution above the surface area of the particle within which we assume the vertex to be
adhered, and this resolution is assumed to be [, the maximum adhered area A,,,, for a fully engulfed case may
in general be larger that the true surface area of the particle. The maximum and minimum bound in this area for a
spherical particle can be given as, 4TR? < A,40 < 47(R + 1)2. The maximum fluctuation can thus be estimated to
be ~ (2R + 1)/R? ~ 20% for the case when R = 10 l,;,,. This fluctuation will be negligible for a very large particle
(R>1).

S-3. RESULTS FOR PROTEIN-FREE VESICLE

Here, we discuss the engulfment of spherical particles by a protein-free vesicle. In Fig. [S-Th, we show the phase
diagram in the R — F,4 plane. The background color is showing the adhered fraction Ayq/Amaz, Where Agq is the
adhered area and A,,,, is the maximum adhered area. The value of A,,, is in general larger than the surface area of
the particle, since we have a finite width of adhesive interaction (I,,:,), within which the vesicle can fluctuate. This



value may also be different for different parameter regime, but the difference is almost negligible. In the calculation of
adhered area fraction (background color of Fig. [S-1h) we implement the following method: For a complete engulfment,
we assume A4, to be the maximum adhered area for a given E,; with different values of p, and divide all the
adhered area by that value of A,,,, to get the adhered area fraction. For a partial engulfment, we choose the A,,q.
corresponding to a higher F,4 closest to the original value of F 4, for which we have a complete engulfment. We use
similar methods for calculating the adhered area fraction for the passive and active cases as well.

We note that smaller particles are difficult to engulf, as the bending energy cost becomes higher than the adhesion
energy gain (Movie{S2). So, in order to engulf a small particle, E,4 should be increased to large values. On the other
hand, larger particle is engulfed at smaller E,4; (Movie-S1). Since the size of the vesicle is finite, a much larger particle
will not be engulfed by the vesicle, rather the vesicle will spread over it. So, there is an optimal size of the particle,
that requires the smaller F,4 to engulf. We consider this optimal radius to be R = 10 [,,,;,, and use this value in the
main paper.

For a given values of E,; we choose two particles with different sizes R, such that for one value, the engulfment is
partial, while for the other value, the engulfment is complete. We then compare the adhesion energy gain and bending
energy cost for both the cases in Fig. (b) Similar to the previous cases (passive and active vesicle), here also, we
can explain the engulfment process by the competition between adhesion and bending energy costs.

We also measure the engulfment time for a given R(= 10 l,,,;,) and for various F,4. The engulfment time shows
a divergence as we reach the critical E,q (below which engulfment is incomplete) (Fig. [S-Tk). We also measure the
curvature of the vesicle at the leading edge (rim) with the adhered fraction Auq/Amq. as the engulfment proceeds.
We note that the curvature at the leading edge increases linearly with A,q/Ama: (Fig. [S-1d). We use this linear
behaviour of rim curvature in our analytical calculations.
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FIG. S-1: Engulfment of spherical particles by a protein-free vesicle. (a) Phase-diagram in the R — E,q plane. The background
color is showing the adhered fraction. (b) Comparison of adhesion energy gain (E,q, dashed horizontal line) and bending energy
cost (Wp, points) (both in units of kT per adhered node) for partial and complete engulfment. Blue boxes are for R = 8 lmin
and green circles are for R = 10 lnin. We use Eqq = 1.30 kgT here. (c) Engulfment time with E.q showing divergence near
the critical Foq (~ 1.20 kgT) below which there is no engulfment. Here, we use R = 10 l;n. The unit of time is 5 x 10°
M C steps. (d) Mean curvature at the rim (the leading edge of the vesicle) with adhered fraction Asq/Amaz for a complete
engulfment. The parameters are same as in Fig. [S-Ip, green circles.

S-4. ANALYTICAL MODEL FOR PROTEIN-FREE VESICLE

Here, we present our simplified analytical (parametrical) model for protein free case. We consider a three-
dimensional vesicle formed by a closed two-dimensional membrane, adhering to a spherical particle. We assume
the system to be symmetric, such that we can only show a two-dimensional projection of the system on a plane (Fig.
S-2). The vesicle area is A = 47 R2, and the particle radius is R, such that R < Ry. As the vesicle engulfs the particle,
the adhered fraction increases. The adhered area can be written as, A,q = 2nxR, where x is the thickness of the
spherical cap of the particle that is adhered, as shown in Fig. The leading edge of the membrane (rim) is highly
curved, and the shape is assumed to be similar to a half-torus with one principal curvature 1/r and the other 1/h.
We assume r < h and hence the other principal curvature is neglected. The area of this region can be written as

Ayim = 2m2rh, where h = 2Rz — 2.
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FIG. S-2: Schematic diagram of our analytical model. A spherical particle with radius R is being engulfed by a cell membrane
of size Ryg. We show the projection of the system on a plane. The bending energy contribution of the membrane can be divided
by three parts: (1) The part of the membrane that is adhered to the particle, shown by black color (Wy1), (2) The part of the
membrane that is unadhered and forming highly curved rim close to the particle, shown by red color (Wy2) and (3) The rest
part of the membrane that is unadhered but having less curvature, shown by blue color (Wp3).

The bending energy of the adhered section of the membrane is,

K
Wy = §Aad(2/R)2 (S-4)
and, the bending energy of the rim section is,
K 2
ng = EA”‘m(l/T) (8-5)

where, the mean curvature at the rim has the form, 1/2r = 1/Ry + az/R (from simulation data in Fig. [S-1d, where
« is a fitting parameter), where « a constant and A,4/A ~ x/2R, such that at x = 0, mean curvature becomes 1/Ry,
which is the mean curvature of the unadhered spherical vesicle.

We assume that the rest part of the unadhered vesicle have the same mean curvature as before, i.e., 1/Ry, thus,
the bending energy of this section will be,

W3 = g(A — Apim — Aad)(2/Ro)? (S-6)

The total bending is thus given as,

Wy = Wiy + Wiz + W (S-7)

We can now compare the adhesion energy gain and bending energy cost, as the engulfment proceeds, and can
calculate the transition line.

A. Graphical solution for the transition line in the R — E,; plane

For a given value of E,4, we plot the adhesion energy gain (F,4) and the bending energy cost OW;/0A.q with
adhered area fraction, for few values of R (Fig. [S-3). For very small R, the adhesion strength is not enough to
overcome the bending energy cost and the particle will not be engulfed (Fig. [S-3p). For a critical value of R, the
adhesion strength will just be sufficient to overcome the bending energy cost, and the particle will be engulfed, as
shown in Fig. [S-3p. If we further increase R, the adhesion energy gain will be always higher than the bending energy
cost, and the particle will easily be engulfed (Fig. [S-3¢).

We calculate the transition line by finding the line corresponding to E,4 which is just touching the peak of bending
energy cost OWy,/0Auq. We show this transition line in Fig. and also compare with the simulation line and the
classical result from Ref. [3]. For the analytical model, we define E,; as the adhesion energy per unit area, while
in our simulation, we define it as the adhesion energy per vertex. While comparing the simulation and analytical
results, we properly scale F,4 such that they become consistent with each other, s each vertex represents a patch of

2
membrane of area ~ 1.5, .



(@) R=8 lyin; Eaq =0.62 kyT/I2,, (b) R=10 Lyyin; Eoq=0.62 kpT/l12,, (¢) R=12 Lyin; Eag =0.62 kpT/12,,
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FIG. S-3: Comparison of adhesion energy gain (red line) and bending energy cost (green line) for few values of R (= 8,10, 12 l;nin)
and given Eoq = 0.62 kgT/I12,;,. Other parameters are, Ry = 20 lynin, o = 0.065, x = 20 kpT.
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FIG. S-4: Transition line for engulfment in the R — E,4 plane and comparison with simulations. In our analytical calculations,
we define E,q as the adhesion energy per unit area, while in simulation, we define it as the adhesion energy per adhered node.
So, while comparing, we scale E,q properly, so that the definition remains consistent with each other. The green circles are
simulation result. The analytical prediction for the critical value of R with E.q (blue circles), which is close to the classical
prediction of Eqq ~ 1/R? [3], shown by black solid line. For simulation data, the parameters are same as in Fig. [S-1h, and for
analytical results, parameters are same as Fig.

S-5. RIM CURVATURE WITH ENGULFED AREA FRACTION FOR PASSIVE CASE

Here, we show that the mean curvature of the rim of the phagocytic cup varies non-monotonically with engulfed
area fraction (Fig. It shows that the rim is energetically more favourable for the proteins around the peak
value (Aga/Amaz ~ 0.7), Since there the bending energy is minimal: The bending energy depends on the mis-
match between the mean curvature of the membrane and the spontaneous curvature of the proteins (Eq. The
spontaneous curvature of the protein is Cy = 1l;ﬁn, so the bending energy is minimal when the mean curvature of
the leading edge is maximal in Fig[S-§

S-6. COMPARISON OF ADHESION AND BENDING ENERGY COSTS FOR PASSIVE PROTEINS
WITH LARGE p

In Fig. we compare the adhesion and bending energy costs for the passive proteins with large p. Similar
to the previous cases, we note that bending energy cost goes above the adhesion energy gain, just before complete
engulfment, and the process stops with an incomplete engulfment.
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FIG. S-5: Rim curvature for the passive case with small protein density. We use here, E,q = 1.0 kT, p = 3.2%.
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FIG. S-6: Comparison of adhesion and bending energy costs for passive proteins with large p. Here, we use FEo,q = 1.0 kT,
and p = 16.0%.

S-7. EXTENSION OF THE ANALYTICAL MODEL FOR PASSIVE CURVED (CONVEX) PROTEINS
CASE

We here extend our analytical model for the passive curved protein case, with spontaneous curvature ¢y = 1.0 l;ﬁn.

Let pg be the average protein density on the membrane, p, be the density at the rim and p; be the density on the

rest of the unadhered part of the vesicle. We assume there are no proteins on the membrane that is adhered to the

spherical substrate. Thus,

APO = A'M’mpr + (A - Am’m - Aad)ps (8'8)
The bending energy of the adhered section is given by,

K
Wit = & Aaa(2/ B)? (5-9)
The bending energy of the rim is,
K 2
ng = §Aﬁm(1/r — COPT) (S—lO)

where, the mean curvature at the rim, 1/2r = 1/Ry+ «x/R and p, = po + Bx/R is the density at the rim (validated
from simulation, Fig. , where o = 0.093 and S = 0.085 (determined from Fig. . Assuming that the rest part
of the unadhered vesicle have the same curvature of 1/Ry, the bending energy of this part of the vesicle is given by,



Wiys = g(A — Avim — Aud)(2/Ro — cops)? (S-11)

Thus, the total bending energy cost is given by,
Wy = Wer + Wi + W (5-12)

A. Mean curvature and protein density at the rim (from simulation)

Here, we estimate the curvature and protein density at the rim of the phagocytic cup. In order to identify the
rim of the phagocytic cup, we choose a region of the vesicle which is in between two concentric spheres of radius R
and R+ R., where R is the radius of the spherical particle that is being engulfed by the vesicle (see Fig. [S-Th). We
choose R. = 5 I, here. This methods works well as long as the region between the two radii does not cover a large
portion of the vesicle, but is confined to the leading edge. At the latest stages of the engulfment this method is not
very accurate as the region covers a large portion of the vesicle (see Fig.2c inset).

For the passive case with small protein density, we determine the mean curvature of the vesicle at the rim and plot
it with adhered fraction of the particle, Ayq/Ama. in Fig. . Similar to the protein-free case, here we note that
the rim curvature seems to increase linearly, with a higher slope than the protein-free case. We also determine the
protein density at the rim, and plot it with adhered fraction of the particle, Ayq/Amq. (Fig. ). The rim density
also seems to vary linearly with the adhered fraction.
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FIG. S-7: Mean curvature and protein density at the highly curved rim for passive case. (a) Scheme for the identification of
rim of the phagocytic cup. The rim of the phagocytic cup is shown in usual color, while the rest part of the vesicle is shown in
the green (unusual) color. (b) The mean curvature at the rim with adhered fraction of the particle Agq/Amaz. (¢) The protein
density at the rim with Aad/Amaz. The parameter used here are, R = 10 lmin, Eaqa = 1.04 kT, and p = 3.2 %.



B. Graphical solution for the engulfment transition line in the p — E,q plane

Similar to the protein-free case, here also, we calculate the transition line in the p — E,4 plane by using graphical
method. We compare the adhesion energy gain and bending energy cost with adhered area fraction, for few values of
protein density p and a given R = 10 [,,,;,, and given E,q = 0.39 kBT/l?m»n in Fig. For a small p, the vesicle will
remain unadhered (Fig. [S-8h). As we increase p, the adhesion energy gain will just become sufficient to overcome
the bending energy cost, which is the transition value (Fig. [S-8b). If we further increase p, the vesicle will be easily
engulfed (Fig. [S-8c), but for very high p the vesicle will not be fully engulfed rather will stop before full engulfment
(Fig. [S-8{d). The analytic phase transition line is shown in Fig. compared to the simulation results (Fig. 1(a),
main paper). The analytic model captures correctly the qualitative features of the engulfment transition line.
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FIG. S-8: Comparison of adhesion energy gain (red line) and bending energy cost (blue line) for few values of p (=
5 %,7 %,9 %,13.5 %) and given E,q = 0.39 kgT/I%,,. Other parameters are, R = 10 lnin, Ro = 20 lmin, o = 0.093,
B = 0.085, k = 20 kpT.
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FIG. S-9: Transition line for engulfment in the p — E,q plane and comparison with simulations. The red circles are simulation
result, and the blue line is the analytical prediction. For the simulation results, the parameters are the same as in Fig. 1(a) of
the main text. For analytical results, parameters are the same as in Fig.



S-8. VARIATION OF ENGULFMENT TIME WITH p FOR PASSIVE CASE

We measure the engulfment time for a given E 4 and various values of p in Fig. We note that the engulfment
time diverges as we reach the critical p (~ 2.25 %).
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FIG. S-10: Engulfment time with p for passive case. The engulfment time diverges for critical p ~ 2.25 %, below which there
is no engulfment. Here, we use R = 10.0l,in, and FEoq = 1.0 kpT.

S-9. CALCULATION OF CONTRIBUTIONS DUE TO ACTIVE FORCES

In this section, we estimate the contribution of active forces in the engulfment process by calculating the work done
by the active forces. Let us assume a force of magnitude F' is acting on the membrane in the tangential direction of
the surface of the particle (perpendicular direction of the radial vector of the particle) due to which the membrane
extends to an infinitesimally small width dz (see Fig. [S-11h). The circumferential length of the small extended strip
dl = 2wh. Thus, the work done by the active force in this process is, dWr = Fdx, and the increase in the adhered
area dA,q = dx dl = 2whdz. Thus, the active energy gain, or the active energy per unit adhered area is given by,

OWp/0Awq = F/dl = F/2rh (S-13)

In our simulation, we choose a region close to the spherical particle (the region in between two spheres of radius
R and R+ R, where we assume R, = 3 l,,:,), and assume that all the proteins inside this region is contributing in
the engulfment process. We then calculate the component of force of all the proteins directed in the perpendicular
direction of the radial vector of the particle, as shown by arrows in Fig. [S-11pb. The large arrow is showing the
direction of net contribution. The rim length dI can be estimated from the adhered fraction of area, and thereby the
contribution due to active forces can easily be estimated.

S-10.  ENGULFMENT BY RAW 264.7T MACROPHAGES

Here, we show another dataset of the polystyrene particle engulfment by a RAW 264.7 macrophage using particle
functionalized with immunoglobulin G (Fig. [S-12)).

S-11. CONFIGURATIONS FOR LARGE FORCE (F)

For a given F,q and p, if we increase F' to very large value, at some large value of F', the vesicle will deadhere from
the particle, and will end up with no engulfment. In Fig. [S-I3h, we show such an example for E,q = 1.0 kT and
F = 3.0 kgT'/l;in for very small protein density (= 1.6 %). We note that vesicle gets deadhered from the surface of
the particle with time, and finally ends up with no engulfment (Movie-S14).
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FIG. S-11: Calculation of contribution due to active forces in the engulfment process. (a) A schematic diagram for the
calculation of active work done in the engulfment process. (b) A typical snapshot of vesicle engulfing a spherical particle
forming an arc-like protrusion. The arrows are showing the direction of force which is perpendicular to the radial direction of
the particle. The parameters used here are Eoq = 1.0 kT, p = 1.6 % and F = 2.0 kT /lmin.(c) Magnitude of total active
force (along the tangential direction of the particle) with adhered fraction. Insets are showing the configurations corresponding
to almost no engulfment, half engulfment and full engulfment cases. Parameters are same as in b.

FIG. S-12: Engulfment of Immunoglobulin G-coated polystyrene particle by RAW 264.7 macrophage. Frames from a lattice
light sheet movie (maximum intensity projections) of a cell transfected with mEmerald-Lifeact are shown. Time is indicated
in min:sec, scale bar 5 um

In the regime of large F', if we further increase p, a free vesicle (without adhesive spherical particle) can transform
into a pancake-like shape [4]. In this regime, if we allow the vesicle to engulf the particle, it can engulf the particle
if the force is not too large (Fig. [S-13p). Since the engulfment process here is faster than the pancake transition
process, the vesicle finally engulfs the particle before it transform into a pancake-like shape (Movie-S15). However,
if we further increase F' to even large value, we will again reach to a regime, where we do not have any engulfment

(Fig. , Movie-S16).

S-12. REORIENTATION OF VESICLE WITH RESPECT TO NON-SPHERICAL PARTICLES OF HIGH
ASPECT RATIO

In Fig. we show the reorientation process, first for a vesicle with passive curved proteins, that is initially
in contact with a prolate particle from the top. Since, the top of a prolate shape with high aspect ratio is highly
curved, the vesicle rotates and moves to the side of the particle, and finally engulfs it (Movie{S17). We quantify this
rotation by the angular motion (6) of the center of mass of the vesicle with respect to the particle (see , second
inset). The angle becomes close to /2 when the vesicle rotates completely from top to side, and then it engulfs the
particle. The reorientation process in this case is fast, thereby, the total engulfment times for either top or side initial
conditions are very similar (blue circles and red boxes in Fig. 5, main paper, for R,/R, < 1).

The reorientation of the vesicle from its initial position may not always be beneficial for engulfment. For an oblate
particle with high aspect ratio, we note that the passive vesicle can engulf the particle from side quite easily (Fig.
; Movie-S18). However, we frequently observed that an initial fluctuation caused the vesicle to slide over to the
flat top regions, where it maximizes its adhesion energy at low bending cost. However, in this position the vesicle has
to overcome a large bending energy barrier along the entire sharp equator of the oblate shape. For R, = Ry > 11 I,
this barrier leads to no engulfment from the top orientation, and therefore reorienting to the top from the side will
end up with no engulfment (Fig. ; Movie-S19) [5]. In this case, we calculate the engulfment time by averaging
only those realizations that end up with complete engulfment, while we discard the non-engulfed cases that shifted to
the top position.

In Fig. we compare the bending energy cost and adhesion energy gain (FE,4, dashed line) per adhered node,


https://app.box.com/s/ojjkv1n1f4wnlh1afa4z3gv3vuah0eol
https://app.box.com/s/fuxr5nao2i0d72g9eh8k1ix080fama0m
https://app.box.com/s/hwcoo76wthrva5cpmxy6lnpjpmmsptxs
https://app.box.com/s/uwc8d4g3y8iy7481ri73q86w9rygzobo
https://app.box.com/s/8xflqx0zicoaz6htagxlu7p2y3lcnfml
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FIG. S-13: Engulfment of spherical particles by the vesicle with large force. (a) Configuration For very large force but small
protein density. The engulfment becomes difficult and the particle ends up with no engulfment in this case. Here, we use
Eoq = 1.0 kT, p = 1.6 % and F = 3.0 kT/lmin. (b) Configurations for a complete engulfment with very large p and F.
Here, we use Eoq = 1.0 kT, p = 9.6 % and F = 3.50 kgT'/lmin. (c) Configurations for no engulfment with very large p and
even larger F. Here, we use Eqq = 1.0 kT, p=9.6 % and F = 4.0 kT /lmin-

for the vesicles with passive proteins of Fig. [S-14{a-c). Similar to the engulfment of spheres (Fig. 1(b), main paper),
we note that for the partial engulfment the bending energy cost increases above the adhesion strength, while for the
complete engulfment the bending energy cost per node remains lower than Eg.

For vesicles with active proteins we find similar reorientation of the vesicle with respect to its initial position on
the particle. In Fig. [S-14e we show such a case for a prolate particle with high aspect ratio. Similar to the passive
case (Fig. [S-14h), the vesicle rotates to the side, to avoid the highly curved pole, and then engulfs the particle from
the side (Movie-S520). Since the active case is more dynamic, the vesicle sometime takes more time to reach the
side orientation, and thereby the engulfment time is larger than when it is started from side. We also show similar
observation for an oblate particle with high aspect ratio, where an active vesicle rotates from the side of an oblate
particle to the top position (similar to the passive case Fig. ) and then engulfs it (Fig. [S-14f, Movie-S21). For
an oblate shape, the engulfment is easier from the side (as shown for the passive case Fig. [S-14b), but since the active
vesicle is very dynamic, it does not engulf from side, but rather it reorients to the top in every realization and finally
engulfs. This reorientation is however very fast, as the vesicle gains large adhesion energy in this process, thereby the
engulfment time starting from either top or side are comparable (green circles and magenta boxes in Fig. 5, main
paper, for R,/R, > 1).

We are therefore presented with a puzzle: what allows the active proteins to robustly engulf the oblate particle
from the top orientation, whereas the passive vesicle faced a bending energy barrier that stalled the engulfment. This
puzzle is further emphasized when we compare the bending energy cost and adhesion energy gain (E,q) per adhered
node, for both the prolate and oblate cases in Fig. [S-1dk. We note that for the oblate shape the bending energy cost
can increase above the adhesion strength, as for the passive system (Fig. [S-14d), but nevertheless the engulfment
process does not stop. In this case, the active forces provide a mechanism to engulf the particle which we describe
below.

For an oblate shape with high aspect ratios, we find that the active forces do not induce the formation of an arc-like
aggregate of proteins at the rim of the phgocytic cup, as happens during the engulfment of the spherical particle


https://app.box.com/s/xv4es05saqexg61a57k1j7hwmdf0xz92
https://app.box.com/s/dkn57uj38ukizxsj8xslmy24t5srj0m8
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(Figs. 2(c-e), main paper). The active forces rather stretch the vesicle sideway, perpendicular to the particle surface,
and this allows the stretched membrane afterwards to bend over the highly curved equator region of the oblate shape,
leading to complete engulfment (Fig. ). On the other hand, the passive vesicle is not stretched and remains
spherical-like and fails to engulf the particle even for a much larger protein density (Movie{S22). This stretching of
the vesicle by the active forces is quantified by measuring the volume of the vesicle, which becomes much lower than
that of the passive vesicle as the adhered fraction increases (Fig. ). We also show the cross-section view of both
the passive and active vesicles for A,q/Amaz ~ 0.45 in the inset of Fig. , where the engulfment by the passive
vesicle is stalled. Since the vesicle gets stretched for the active case, there is a significant bending energy contribution
which arises far away from the surface of the particle, while for the passive vesicle the bending is dominated by the
highly curved rim along the vesicle-particle leading edge (Fig. |[S-15). This indicates that the bending energy cost
shown in Fig. also has a significant contribution due to a membrane that is far away from the particles, and is
therefore not directly affected by the progression of the membrane-particle adhesion. The sideways stretching by the
active forces is demonstrated by the force components plotted in Fig. [S-14j. At the time where the vesicle is poised
at the highly curved equator of the oblate shape, the vesicle is getting stretched by forces that are directed radially
outward (F.), while the engulfment is proceeding along the y direction. We note that the radial component F,. is
much larger that the F,, component. We therefore identify here another mechanism by which active forces enable the
engulfment to overcome bending energy barriers, which is qualitatively different from the mechanism described in Fig.
2, main paper. In Fig. [S-16] we show some configurations close to the engulfment time to show how the stretching of
the vesicle finally leads to full engulfment of the oblate particle.
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FIG. S-14: Reorientation of the vesicle with respect to its initial position on the surface of spheroid particles of high aspect
ratio. The reorientation of the vesicle is quantified in (a-c) by the angular motion of the center of mass with respect to particle’s
surface (denoted in the inset of (a)). (a) A vesicle with passive proteins initiated from the top of a prolate spheroid, rotates
over time, and finally completes the engulfment from the side. Here, we use Ry = Ry = 8.4 lpmin, R: = 14.16 lnin. (b-c) A
passive vesicle is initiated from the side of an oblate shape and fully engulfs from side in (b), while it rotates to the top of the
oblate shape and stalls around half-engulfment in (c). Here, we use Ry = Ry = 114 lpmin, Rz = 7.96 lmnin. (d) Comparison
of bending energy cost OW,/0Aqq and adhesion gain (E,q, dashed line) per adhered node (both having units of kgT), for
(a~c). (e) A vesicle with active curved proteins is initiated at the top of a prolate shape, rotates and engulfs from side. Here,
we use Ry = Ry = 7.6 lpmin, Rz = 16.29 lnin. (f) Active vesicle initiated at the side of an oblate shape finally engulfs from
the top. Here, we use Ry = Ry = 12.0 Lnin, Rz = 6.77 lmin. (g) Comparison of bending energy cost and adhesion gain
(Eqq, dashed line) per adhered node, for (e-f). (h) Variation of the vesicle volume (in units of 10* 12,;,,) for both active and
passive proteins, initiated from the side of an oblate shape. The inset is showing the cross section of typical snapshots for
both case for Agq/Amaz ~ 0.45. (i) Component of the active force along different direction for the active vesicle of (h), with
Aqd/Amaz ~ 0.45. For (h-i), we use Ry = Ry = 12.0 lmin, R: = 6.77 Lnin. For the passive case we use p = 4.8 % and for the
active case, p = 1.6 %, F = 1.0 kT /ljmin. We used Eqq = 1.0 kT for all the plots.


https://app.box.com/s/j90ymwnmqm83efkl2v8ht2r72qrresmd
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A. Engulfment of oblate particles: Active vesicle shows high mean curvature far away from the particle

In Fig. [S-14h, we compare the active and passive cases for the engulfment of an oblate particle with high aspect
ratio, when the adhered area fraction Auq/Amaz ~ 0.45. Since the active vesicle gets stretched by the active forces,
and thereby the bending energy cost will have dominant contribution far away from the surface of the particle. In
order to quantify this, we measure the mean curvature of the vesicle section, which is having a perpendicular distance
from the surface of the particle in between r and » — 1 and plot it as a function of r for both the active and passive
cases in Fig. [S-15] As expected, the active vesicle have mean curvature larger than passive far away from the surface
of the particle and it drops slowly with 7. On the other hand, the passive vesicle has larger contribution only for small
r and it drops faster with 7.
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FIG. S-15: Mean curvature at a distance r from the surface of an oblate particle for Agq/Amaz ~ 0.45. Here, we use

R: = Ry = 12.0 lynin, R. = 6.77 lpmin for the oblate particle. For passive case, we use p = 4.8%. For active case, we use
p=16 % and F = 1.0 kgT/lmin. We use Eqq = 1.0 kT for both the cases.

B. Configurations for the engulfment of oblate shape by active vesicle close to the engulfment time

Here, we show the configurations for the engulfment of an oblate shape by an active vesicle, discussed in Fig.
h-i). Here, we zoom into the time close to the engulfment to observe how the full engulfment proceeds.
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FIG. S-16: Configurations for the engulfment of an oblate by an active vesicle close to the engulfment time.

S-13.  ENGULFMENT OF SPHERICAL PARTICLES WITH SMALLER RADIUS AND COMPARE
WITH PROLATE/OBLATE PARTICLES

Here we simulate the engulfment of spherical particles with smaller radius, and compare with the maximum curva-
ture of the prolate or oblate shape. For a prolate shape, the maximum mean curvature can be given by,
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1 /R, R,
Chnaz (prolate) = 3 (Rg% + Rg%) (S-14)
or, the radius of curvature corresponding to the maximal curvature is,
R2
Rpnin(prolate) = == (S-15)
R,
Similarly, for an oblate shape,
1/1 R,
—-(=—4+== -1
Cinazx(0blate) 5 (Rz + R%) (S-16)
and, the radius of curvature corresponding to the maximal curvature is,
2R, R?
Rmin(p’f‘Olate) = m (8—17)

From our simulation, we find that the smallest spherical particle that a vesicle with passive proteins can engulf, has
a radius of R ~ 8.5 l,,in, while for a vesicle with active proteins, this minimal radius is: R ~ 7.5 L, (Fig. [S-17h). A
sphere of radius R = 7.5 l,,;,, will correspond to a prolate shape with maximum curvature (at its pole or top), given
by Ry = Ry ~ 9.4 lpin, R: ~ 11.63 lpin, and an oblate with maximum curvature (at its equator or side), given by
R, = Ry ~ 114 lyin, R, ~ 7.96 l;s,. Similarly, the sphere of radius R = 8.5 l,,,;, will correspond to a prolate with
R, = Ry ~ 9.65 lipin, R, ~ 10.98 l,,,;,, and an oblate with with R, = Ry, ~ 10.95 I, R, ~ 8.74 lp;,. We show
these co-ordinates in Fig. [S-17p. The green dashed lines correspond to a local radius of curvature R ~ 7.5 I, and
the red dashed lines correspond to R ~ 8.5 [,,;,. The good agreement between oblate shape of maximal aspect ratio
that can still be engulfed by the passive vesicle, and the dashed line corresponding to R ~ 8.5 l,;,in, shows that in
this case the engulfment is indeed determined by the bending energy barrier at the equator (side, blue triangles). For
the prolate particles, the vesicle generally reorients and feels a much smaller curvature while engulfing the particle,
thereby the dashed lines deviate from the maximal aspect ratio for engulfment obtained from the simulations.
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FIG. S-17: Engulfment of spherical particles with smaller radius, and comparison with prolate and oblate shapes. (a) The
engulfment time as function of the radius R for a spherical particle. The engulfment time diverges as R decreases. (b)
Comparison of the curvature of the spherical particle (below which engulfment time diverges, vertical dashed lines), with the
maximum curvature of engulfed prolate/oblate particles (symbols, from simulations). The red dashed lines correspond to the
sphere of radius R = 8.5 lm:n (passive vesicle case) and the green dashed lines correspond to a sphere of radius R = 7.5 lmnin
(active vesicle case). Other simulation parameters are the same as in Fig. 5 of the main text.
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S-14. ENGULFMENT OF BACTERIA-LIKE PARTICLES

Bacterial pathogens are often engulfed by phagocytic cells, as well as by cells which they invade [6]. We therefore
investigate the engulfment of a sphero-cylindrical shape, resembling the shapes of different bacterias such as FE. coli
or Bacillus subtilis [7, [§]. This shape is an extreme case of a prolate spheroid, with an aspect ratio of 1 : 5. We use
here a larger vesicle size (N = 6127), since the large aspect ratio of the particle requires a larger membrane area for

engulfment.
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FIG. S-18: Engulfment of a sphero-cylindrical shape. The configurations are shown as function of the simulation time for a
vesicle with active curved proteins, when initiated from the side (top panel), or from the top (bottom panel). The dashed
vertical line in the lower panel shows the time at which we switch off the active forces of proteins that located above the
horizontal dashed line shown for ¢ = 230. The vesicle parameter values are N = 6127, Eoq = 1.5 kT, F = 1.5 kgT/lmin,
p = 1.6 %, while for the sphero-cylindrical shape: total length | = 60 I,,;», and radius 7 = 6 lnin, such that the aspect ratio is
1:5.

When the initial contact between the vesicle and the particle is from the side, the engulfment proceeds smoothly
(Fig. upper panel, Movie-S23). However, when initiated from the top, the initial engulfment stage is faster but
later on the engulfment slows down and almost stalls (Fig. lower panel, before the dashed vertical line). This
type of stalling is also observed in experiments [§]. In our simulations the stalling arises due to membrane tension,
caused by active proteins that are located away from the engulfed article, and pull the membrane in the opposite the
direction. We demonstrate this by turning off the active forces for all proteins that are located above the horizontal
dashed line shown for ¢ = 230, i.e. all the proteins that are on the opposite side of the phagocytic cup are made
passive. The dashed vertical line in Fig. lower panel shows the time at which we turn off these active proteins,
and we note that as a result the engulfment process proceeds quickly afterwards to completion (Movie-S27)).

We can compare these simulation results to observed bacterial phagocytosis. In [7]. it was found that the velocity
of engulfment was faster when the initial contact was from the pole of the bacteria. We find a similar behavior, as
long as there is no restriction from membrane tension. Such tension can stall the engulfment in our simulations (Fig.
lower panel), and indeed highly filamentous bacteria are found to avoid engulfment by immune cells [9], which
we can attribute to the restriction of finite membrane area and the resulting membrane tension. The critical role of
membrane tension during phagocytosis was previously shown experimentally [10].

We also explore the engulfment of dumb-bell like shapes, resembling the shape of fungi such as budding yeast [11].
A similar effect of membrane tension is also observed in our simulations during the engulfment such dumb-bell shaped
particle (Fig. Movie-S25,526). We found that while passive curved proteins can give rise to a smooth engulfment
that does not stall (Fig. ), the active vesicle can easily stall after engulfment of one lobe of the particle (i.e. when
the leading edge is at the narrow neck) (Fig. [S-19b). Releasing the membrane tension induced by the active proteins
at the back of the vesicle, can release the vesicle and allow full engulfment. Similar hourglass shapes were previously
shown theoretically to be susceptible to stalled engulfment [8], as well as in experiments observing phagocytosis of
dividing yeast cells [11] [I2] or highly deformable particles [13]. We also show the mean cluster size and the adhered
fraction for both the passive and the active case in Fig. [S-19{(c-d).

S-15. RESULTS FOR MULTICOMPONENT MEMBRANE WITH PROTEINS OF DIFFERENT
INTRINSIC CURVATURE

Here, we show our results for multicomponent membrane with proteins of different intrinsic curvature. We consider
convex (cg = 1.0 I} ) as well as concave (co = —1.0 I} ) proteins [I4, [I5]. We note that addition of concave
proteins makes the engulfment easier in our model, in a parameter regime where only convex proteins fails to engulf
the particle. This is somewhat similar to the engulfment process explored in [16], for membranes with uniform
spontaneous curvature. In Fig. we show the engulfment by passive proteins with small F,; (= 0.80 kgT) and
convex protein density p, = 3.2 % such that there is no engulfment, and compare with the case where in addition,

we have concave proteins of density p, = 3.2 %. The convex (concave) proteins have attractive interaction only with


https://app.box.com/s/872ufulidqnlln2znm9b5dq38zw1ygt2
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FIG. S-19: Engulfment of dumb-bell shaped particle. (a) Configurations with time for passive case. (b) Configurations with
time for active case. The vertical dashed line is showing the time, when we remove the force from the proteins at the back.
The horizontal dashed line on the configuration corresponding to ¢ = 180 shows the coordinate above which we switch off the
active forces of all the proteins. (c) Adhered area fraction with time. (d) Mean cluster size with time. Blue boxes are for active
case and green circles are for passive case. The parameter values are N = 6127, E,q = 1.5 kgT, p = 1.6 %. The radius of the
spherical beads are 10 l,,;» each, and the overlapped region I, = 2 l,4in, such that total length L = 4R — I, = 38 l;nin. For
active case, we use F' = 1.5 kT /lmin.

their convex (concave) neighbors. We note that the concave proteins aggregate close to the particle, and reduces the
bending energy there. This allows the vesicle to adhere more and successfully engulf the particle (Movie-S24).
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FIG. S-20: Results for multicomponent membrane with proteins of different intrinsic curvature. Here, we show the bending
energy cost with adhered area fraction, and compare it with the adhesion strength F,q. Blue boxes are for convex proteins, and
green circles are for multiple proteins. Left insets are for convex proteins and right insets are for multiple curvature proteins.
For multiple curvature case, red regions are denoting convex proteins, and blue regions are denoted concave proteins. Here, we
use R = 10.0 lmin, Eqqa = 0.80 kT, and p, = 3.2 % for convex protein case. For multiple proteins case, we have in addition
pn = 3.2 %.
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S-16.  ERROR IN THE CALCULATION OF MEAN RADIUS OF CURVATURE

Here, we show the relative error (AR,) in the calculation of mean radius of curvature of a vesicle without any
proteins, compared to a spherical vesicle with same surface area (see Fig. [S-21)). We define this quantity as,

AR. — |R.(triangulated) — R.(spherical)] (S-18)
¢ R.(spherical)

where, R.(triangulated) is the mean radius of curvature of a triangulated surface, and R.(spherical) is the mean
radius of curvature of a spherical surface with same surface area as the triangulated surface. We find that the
approximate description of the vesicle in terms of a triangulated network is very accurate for an average vesicle
area of ~ 5000 2, , which is the typical size of the vesicle that we used in our simulations. The approximation of
triangulation of the surface is reasonable even for a much smaller vesicle in our model (< A >~ 10 {2, ), where the
error is of order 10%.
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FIG. S-21: Relative error in the calculation of mean radius of curvature with total average area of a vesicle for protein-free
case. The error is very small for a vesicle with area ~ 5000 [2,;,,, which is the typical vesicle size we use in our simulation.

Supplementary movies

High resolution supplementary movies are also available here.

e Movie-S1| Complete engulfment of a spherical particle of larger radius by a protein-free vesicle. Here, we use
R =10 lyin and E,q = 1.30 kpT.

e Movie-S2| Partial engulfment of a spherical particle of smaller radius by a protein-free vesicle. We use here
R=28 lmin and Ead =1.30 kBT

e Movie-S3 Partial engulfment of a spherical particle by a passive vesicle with small protein density. We use
R =10 lyyin, p=2.4 % and E,g = 1.0 kgT.

e Movie-S4| Complete engulfment of a spherical particle by a passive vesicle with medium protein density. Here,
we use R =10 l,in, p= 4.0 % and E,q = 1.0 kgT.

e Movie-S5| Partial engulfment of a spherical particle by a passive vesicle with very high protein density. Here,
we sue R =10 Iy, p = 12.8% and E,q = 1.0 kgT.

e Movie-S6/| Partial engulfment of a spherical particle by an active vesicle with small force. The parameters are:
R =10 lyin, p=1.6 %, Eqqa = 1.0 kT and F = 0.10 kgT/lnin.

e Movie-S7 Complete engulfment of a spherical particle by an active vesicle with medium force. Here, we use
R =10 lyin, p=1.6 %, Eqq = 1.0 kgT and F = 0.40 kgT/lnin.


https://app.box.com/s/f04voj903yn43i3jwmx2xdxbl4745mgc
https://app.box.com/s/kpuwofapa8jolrdrx2ikq9ayxa2ix77o
https://app.box.com/s/rcur49h9ww8n0kdtkv8ntnrmjht35bpk
https://app.box.com/s/doaskgocr9khijswv020bqmbywcrvr4k
https://app.box.com/s/6kfjxgida5a02dvc71dlyecw6a8f4m1t
https://app.box.com/s/d1qlbntrgkvdwywmghv4p76aft7oijmx
https://app.box.com/s/hbdzpivgli9qeufnk0zfxkhs0wzcnkw6
https://app.box.com/s/z0eyxrj5rsjt1y60772m25b2wocozrvb
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e Movie-S8 Complete engulfment of a spherical particle by an active vesicle with large force. We use here
R =10 lyin, p=1.6 %, Eqqg = 1.0 kT and F = 2.0 kT /lpmin.

e Movie-S9| Engulfment of spherical particle by an active vesicle with large p and small F. Here, we show
fragmented protein clusters on the phagocytic cup at the early stage of engulfment. We use here R = 10 1,
E,i=15kgT, p=64% and F = 1.0 kgT/lmin-

e Movie-S10| Engulfment of spherical particle by an active vesicle with large p and large F. Here, we use
R =10 lyin, Eaa = 1.5 kT, p=4.8 % and F = 2.0 kT /lnin.

e Movie-S11| Phagocytosis of Immunoglobulin-G-coated polystyrene bead (blue) by RAW264.7 macrophage
transfected with mEmerald-Lifeact (orange). Maximum intensity projection of lattice light-sheet imaging. Scale
bar, 5 um. Time stamp: min:sec.

e Movie-S12| Phagocytosis of Immunoglobulin-G-coated polystyrene bead (maroon) by murine bone-marrow
derived macrophage transfected with mEmerald-Lifeact (gray). Maximum intensity projection of lattice light-
sheet imaging. Scale bar, 5 ym. Time stamp: min:sec.

e Movie-S13| Phagocytosis of Immunoglobulin-G-coated polystyrene bead (maroon) by RAW264.7 macrophage
transfected with mEmerald-Lifeact (gray). Maximum intensity projection of lattice light-sheet imaging. Scale
bar, 5 pgm. Time stamp: min:sec.

e Movie-S14 No engulfment of a spherical particle by an active vesicle with very large force. The movie shows a
case, where particle is not engulfed by the active vesicle. Here, we use R = 10 l,,;n, p = 1.6 %, Eyq = 1.0 kgT
and F = 3.0 kgT/lmin-

e Movie-S15/ Complete engulfment of a spherical particle by an active vesicle with very large force and large
protein density. Here, we use R = 10 Lyin, p = 9.6 %, Eqq = 1.0 kT and F = 3.50 kgT/l,nin.

e Movie-S16| No engulfment of a spherical particle by an active vesicle with even larger force and large protein
density. We use here R = 10 Liyin, p = 9.6 %, Eqq = 1.0 kgT and F = 4.0 kgT/lnin.

e Movie-S17 Complete engulfment of a prolate spheroid of high aspect ratio by a passive vesicle. The vesicle is
initially started from the top and then rotates to the side and engulfs the particle. Here, we use R, = R, =
8.4 lmin, R, = 14.16 lpipn, p = 4.8 % and E.q = 1.0 kpT.

e Movie-S18 Complete engulfment of an oblate spheroid of high aspect ratio by a passive vesicle. The vesicle is
initially started from the side, it engulfs the particle without reorienting itself to the other side. Here, we use
RaC = Ry =114 lmin, Rz =7.96 lmin7 P = 4.8 % and Ead =1.0 k‘BT.

e Movie-S19| Partial engulfment of an oblate spheroid of high aspect ratio by a passive vesicle. The vesicle is
initially started from the side, and it rotates to the top and ends up with no engulfment. The parameters are
same as the previous movie.

e Movie-S20 Complete engulfment of a prolate spheroid of high aspect ratio by an active vesicle. The vesicle
is initially started from the top, and then reorients itself to the side and engulfs the particle. Here, we use
R, = Ry =84 lpin, R, =14.16 Lyin, p=1.6 %, Eqq = 1.0 kgT and F = 1.0 kT /lnin.

e Movie-S21| Complete engulfment of an oblate spheroid of high aspect ratio by an active vesicle. The vesicle is
initially started from the side, and rotates to the top and engulfs the particle. Here, we use R, = Ry = 12.0 i,
Rz =6.77 lmina p = 1.6 %, Ead =1.0 ]{/’BT and F'=1.0 kBT/lmin-

e Movie-S22 Comparison of active and passive engulfment of an oblate shaped particle with high aspect ratio,
initiated from side. For passive case the engulfment is partial while for active case, the engulfment is complete.
Here, we use R, = Ry = 12.0 lpyin, R, = 6.77 lpin, Eqq = 1.0 kgT. For active case we use p = 1.6 % and
F =1.0 kgT/lynin. For passive case, we use p = 4.8 %

e Movie-S23|Engulfment of a sphero-cylinder by an active vesicle, when initiated from the top (from the spherical
cap). Here, we use total number of vertices on the vesicle, N = 6127 radius of spherical cap r = 6 I, total
length I = 60 lyin, p=1.6 %, Eqq = 1.50 kgT and F = 1.50 kT /lmin-

e Movie-S24| Engulfment of a sphero-cylinder by an active vesicle, when initiated from the side (from the cylin-
drical part). The parameters are same as the previous case.
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e Movie-S25/ Engulfment of a dumb-bell shaped particle by a passive vesicle. Here, we use N = 6127 radius
of spherical beads R = 10 l,,:p, thickness of the overlapped region of the two beads I, = 2 Lyin, p = 1.6 %,
FEuq =150 kgT.

e Movie-S26| Engulfment of a dumb-bell shaped particle by an active vesicle. The movie shows the engulfment
of a dumb-bell shaped particle by an active vesicle with F' = 1.50 kgT'/l,nin. Other parameters are same as the
previous case.

e Movie-S27 Engulfment of a spherical particle by a passive vesicle with multiple curvature proteins. The
movie shows a complete engulfment of spherical particle of radius R = 10.0 [,,;, by a passive vesicle, with
E,q =1.0 kT, convex protein density p, = 3.2 % and concave protein density p, = 3.2 %.
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