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ABSTRACT

We present a review of recent results on the adhesion, wrapping and aggregation of spherical nanoparticles (NPs) on lipid membranes via molecular dynamics
simulations of an implicit solvent model. We show that the degree of wrapping of small NPs, by tensionless planar membranes, can increase continuously with the
adhesion strength. However, the degree of wrapping exhibits a discontinuity for large NPs or short interaction range. The adhesion of NPs to small vesicles, without
volume constraint, also exhibits a discontinuity between weakly wrapped states and fully endocytosed states. Multiple spherical NPs, bound to tensionless planar
membranes are either in a gas state, at weak adhesion strength, or aggregate, at relatively high adhesion strength, into a multitude of structures, corresponding to in-
plane chains, out-of-plane tubes and rings, and out-of-plane single-chain tubes. Annealing scans and free energy calculations show that the gas and tube phases are
the predominantly stable phases. In-plane chains are only stable for small aggregates and the out-of-plane bitubes are long-lived metastable states.

1. Introduction

Attractive forces between certain nanoparticles (NPs) and lipids
leads to the adhesion of these NPs on the plasma membrane of living
cells. This induces partial or full wrapping of the NPs by the membrane,
and may result in their internalization through a process called endo-
cytosis. Many studies have shown that NPs ability to be internalized by
cells can potentially be utilized in a variety of biomedical applications,
such as diagnostics Mieszawska et al. (2013), biosensing Anker et al.
(2008), targeted drug delivery Sun et al. (2014), photothermal therapy
Nel et al. (2009), magnetic hyperthermal therapy Périgo et al. (2015)
and gene therapy Wang et al. (2016). To promote their uptake by spe-
cific cells, NPs that are designed for biomedical applications are typi-
cally coated with ligands to enhance their binding to specific receptors
that are over-expressed on the plasma membranes of the targeted cells.
Many studies have shown that non-specific binding and internalization
of various types of NPs also occurs Chithrani et al. (2006), Tedja et al.
(2012), He et al. (2014), Gao et al. (2017). Concerns have therefore also
been raised in regard to the potential toxicity of many types of NPs
Lewinski et al. (2009). The development of safe and effective NPs
therefore requires a thorough understanding of their interaction with
the plasma membrane. Since lipids are the main component of the
plasma membrane, studies of how NPs interact with lipid bilayer
membranes would therefore provide an important step toward a more
comprehensive understanding of these interactions in the context of the
more complex plasma membrane.

The adhesion of a spherical NP on a membrane, and the degree of
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wrapping of the NP by the membrane are a consequence of the interplay
between the elasticity of the membrane and the adhesive forces between
the NP and the membrane. In the particular case of a tensionless
membrane and a contact adhesive interaction, the free energy of the
system can be approximated by

Fr 7m+8x%, (€9)

where A is the contact area between the membrane and the NP, u(> 0) is
the adhesion energy per unit of area, x is the membrane bending
modulus, and D is the NP’s diameter. From the minimization of this free
energy, one finds that the NP binds to the membrane if u exceeds the
threshold u* = 8x/D?. Furthermore, since both terms in Eq. (1) are
proportional to A, the NP is either completely wrapped by the membrane
if u > u*, or is completely unbound u < u*. However, the NP is partially
wrapped by a bilayer under finite tension, with the degree of wrapping
that decreases with increasing tension. Several more refined continuum
theories based on the Helfrich Hamiltonian Helfrich (1973) were
developed in the context of planar membranes Deserno and Bickel
(2003) and vesicles Deserno and Gelbart (2002), Raatz et al. (2014),
Agudo-Canalejo and Lipowsky (2015). These theories typically assume
contact NP-membrane interactions, implying that their validity is
restricted to the limit of NPs that are much larger than the range of the
interaction and the membrane thickness. These theories also neglect
thermal fluctuations and assume that the elastic properties of the
membrane are not locally renormalized by the bound NP.

Numerical methods provide an excellent tool in understanding
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interactions between NPs and lipid membranes, particularly in the case
of small NPs. Several studies of the interaction between NPs and lipid
membranes have therefore been carried via a range of numerical
methods, including Monte Carlo simulations, atomistic molecular dy-
namics and coarse-grained molecular dynamics simulations. For
example, several Monte Carlo simulations of dynamically triangulated
membranes, with elasticity described by the Helfrich Hamiltonian Hel-
frich (1973), have been performed in the past Saric and Cacciuto (2012,
2012 Bahrami et al. (2012). These models are however too
coarse-grained and do not account for the local effect of the adsorbed
NPs on the elasticity of the membrane. Several atomistic molecular
dynamics simulations (AMD) have also been performed to investigate
the adhesion of NPs on self-assembled lipid membranes Heikkila et al.
(2014), Lin and Alexander-Katz (2013), Van Lehn et al. (2013). Atom-
istic molecular dynamics simulations of NPs on lipid membranes are not
computationally practical since the NPs lead to deformations of the
membrane that extend well beyond the length scales that can be probed
by this approach. Molecular dynamics of coarse-grained models of
self-assembled lipid membranes have therefore been the most useful tool
in elucidating the interactions between relatively small NPs and lipid
membranes Vacha et al. (2011), Lin and Alexander-Katz (2013), Ruiz--
Herrero et al. (2012), Spangler et al. (2016), Proskar et al. (2016). The
adhesion of a NP on a lipid membrane leads to non-local curvature de-
formations of the membrane extending beyond the scale of the NP. As a
result, the adhesion of two or more NPs may lead to overlapping cur-
vature deformations, thereby inducing effective interactions between
the NPs, and resulting in their aggregation on the membrane Koltover
et al. (1999), van der Wel et al. (2016), Sarfati and Dufresne (2016),
Sugikawa et al. (2016), Barbul et al. (2018). Similar effective in-
teractions between NPs, but resulting from different physical mecha-
nisms. For example, mixing NPs with homopolymers results in effective
NP-NP interactions, which leads to a variety of NPs organizations
including contact aggregates, bridging and telebridging aggregates, as
well as sterically stable dispersions Hooper and Schweizer (2006).
Interesting anisotropic aggregates of polymer-grafted NPs in the corre-
sponding homopolymer matrix have also been observed Ackora et al.
(2009), despite the isotropic nature of both the NPs and the matrix.
Likewise mixing NPs with diblock copolymers can also lead to a rich
phase behavior Lopes and Jaeger (2001), Kang et al. (2020). Effective
NP-NP attractive forces are also induced when mixed with surfactants
Jia et al. (2011), liquid crystals Rahimi et al. (2015), or when the par-
ticles are confined at fluid-fluid interfaces Kang et al. (2020), Niu et al.
(2010).

Several theoretical attempts, based on the Helfrich Hamiltonian
Helfrich (1973), were made in the past to determine the effective
two-body and multi-body membrane-mediated interactions between
membrane bound particles Goulian et al. (1993), Golestanian et al.
(1996), Park and Lubensky (1996), Weikl et al. (1998), Evans et al.
(2003), Yolcu et al. (2012). These theoretical investigations typically
assume that the curvature deformations are weak, thereby allowing the
calculations to be performed in the Monge gauge. Unfortunately,
determining membrane-mediated interactions between NPs that induce
strong curvature deformations requires the solution of non-tractable
coupled non-linear partial differential equations. Therefore, here as
well, simulations have played a major role in elucidating
membrane-induced interactions between NPs and their ensuing
self-assembly. Although AMD simulations have been performed to
investigate the adhesion of single NPs on phospholipid membranes
Heikkila et al. (2014), Lin and Alexander-Katz (2013), Van Lehn et al.
(2013), as stated earlier, AMD simulations of membranes with two or
more NPs are very challenging since the AMD approach does not allow
for simulations of large membranes over long time-scales. As a result,
studies of membrane-mediated interactions between NPs have been
carried mainly through simulations of coarse-grained models, such as
Monte Carlo simulations of dynamically triangulated surfaces Saric and
Cacciuto (2012, 2012, Bahrami et al. (2012), Ramakrishnan et al. (2013)
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as well as molecular dynamics of coarse-grained models Reynwar et al.
(2007), Raatz et al. (2014), Olinger et al. (2016), Xiong et al. (2017),
Angelikopoulos et al. (2017), Spangler et al. (2018).

In this article, we will review mostly prior results, based on an effi-
cient implicit-solvent model of lipid membranes, introduced earlier by
us Revalee et al. (2008), Laradji et al. (2016), for the investigation of the
adhesion of single NPs on lipid membranes and their ensuing aggrega-
tion. In Section I, the model used in the studies is presented. In Section
III, our main results of the adhesion of a single small spherical NP on
tensionless planar membranes are reviewed and discussed Spangler
et al. (2016), Spangler and Laradji (2020). In Section IV, we review our
results on the effect of NP’s size and range of interaction on their
wrapping. In Section V, we present results on the wrapping of NPs by
small vesicles. In Section VI, we review our main results on the
self-assembly of spherical NPs on tensionless planar membranes Span-
gler et al. (2018). Finally, we conclude this article in Section VIL

2. Model and Computational Approach

The results presented in this review article are based on an implicit-
solvent model in which a single molecule is coarse-grained into a semi-
flexible linear trimer composed of one hydrophilic h-bead representing
the lipid head group and two hydrophobic t-beads representing the lipid
tail group. The potential energy of the lipid bilayer has three main
contributions Revalee et al. (2008), Laradji et al. (2016):

U({r}) = ZUS@ (rij) + EUbond (rij) + Zchnd (ful}al'k): 2)
ij (1.4)

i)

where 1; is the coordinate of bead i, @;(= h or t) is the type of bead i, and
rj = i — rj. In Eq. (2), Ug’j is a soft piecewise two-body potential, be-
tween beads of types a and £, and is given by Laradji et al. (2016):
max min (rm B ri')z min s
(U= — 4+ U if

a;a; a;a; 2 a;a;
r’ﬂ

riy < rm,

(re—ry) (re =) 3)
—2umn (re rﬂ)3 +3U;"27(n r”)z if r,<r<r,
‘J(rcfrm 'J(rcfrm)

0 if ri > re,

where Uj3* > 0 for any pair (e, 5) and Ufis = Uit = (). Due to absence
of explicit solvent in this model, the self-assembly of the lipids into
stable bilayers is achieved by setting U™® < 0 Laradji et al. (2016). In
addition to U?

a;a;?

bonded beads within a single lipid chain also interact

via the second term in Eq. (2), which is explicitly given by

k O
Ubona (riin1) = %(nm - ﬂ)z, 4)
where kyopq is the stiffness of the bond and a is the preferred bond length.
Finally, the third term in Eq. (2) maintains the stiffness of each lipid
chain and is given by

kevend o o 32
Ubena (T 1, Ty Ti1) = 7(00590 - rf.;‘—['f{,fﬂ) ) 5

where T; i = rij/rij, kbend is the chains bending stiffness coefficient, and
the preferred splay angle 8, = 180°. It is noted that beads belonging to
the same lipid chain also interact with each other via Eq. (3), leading to
an effective bond length that is slightly different from a.The interaction
parameters of the lipid model are given by
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Ut = UM =100,
Us.. = 200¢,
Urt:j\n = Urt:j[in =0,
us, = -—6e, ®)
kyora = 100e / 7,
koena = 100¢,
re = 2r,
a = 0.7r,.

In our studies, we used two NP models. In the first model (NP Model
I) Hore and Laradji, 2007, 2008; Olinger et al., 2016; Spangler et al.,
2016, a NP is constructed from the arrangement of n-beads in a
face-centered cubic lattice. The beads belonging to a NP are bonded by
the harmonic potential, Uy, given by Eq. (4) to maintain a rigidity and
desired shape of the NP Spangler et al. (2016). The interaction param-
eters between the NP’s n-beads, and between the NP and the lipid beads,
are given by

UR = U% =100,
Ut — 200,
Uno = Unn=0,
vm, = &, @
koons = 100e/72 fortheNP,
koena = OfortheNP,
a = 0.35r, fortheNP.

In this model, the NP interacts attractively with the lipid head groups
through &; > 0. The interaction between the NP and the lipid tail beads
is however fully repulsive.

In NP Model I, a NP is described by a large number of degrees of
freedom, making the model somewhat computationally inefficient,
particularly in the case of many or large NPs. The description of isotropic
spherical NPs can be made computationally more efficient by devising
an alternative approach (NP Model II) in which the NP is modeled as a
sphere with a uniform surface, and is therefore described by only the
three degrees of freedom of its center of mass Spangler et al. (2018),
Spangler and Laradji (2020). We note that this approach is however
impractical in the case of NPs with anisotropic geometries or inhomo-
geneous surface properties Olinger et al. (2016). The two-body inter-
action between a lipid head or tail bead and an element of area of the
NP’s surface is of the same form as the two-body interaction given by Eq.
(3). The net interaction between a lipid bead and a NP is obtained by
integration over the NP’s surface Spangler et al. (2018), Spangler and
Laradji (2020), leading to Spangler and Laradji (2020)
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interaction parameters of NP Model II are given by

sh _ st 2
W, = Uy = 1210£/rm,
st —
Upin = 0?
(C)]
sh _ —8
Upin = 18]
, '
r, = 2r,=4,

with A being the range of the interaction between the NP’s surface and a
lipid h-bead, and &y is the strength of the adhesion energy per unit of
area. The relationship between the adhesion energies in NP Model I and
I is about &y ~ 5&r/nm?.

The beads in these studies are moved using a molecular dynamics
approach with a Langevin thermostat Laradji et al. (2016), Spangler
et al. (2018), and the equations of motion are integrated using the
velocity-Verlet algorithm. Results discussed in this articles are based on
simulations, with periodic boundary conditions in all directions, of
tensionless planar membranes and of closed vesicles. Simulations based
on vesicles are performed in the NVT ensemble. Simulations of planar
membranes are performed in the NVTy ensemble, where N is the total
number of beads in the system, V is the volume of the system, T is
temperature, and y = 0 is the bilayer’s lateral tension. The volume of the
system is allowed to fluctuate using a Metropolis Monte Carlo scheme
described in Refs. Spangler et al. (2016, 2018). All simulations are
performed at kgT = 3.0¢ with a time step At = 0.02z, where 7 =

Tm(m/e)''2,
3. Adhesion of a Single Spherical NP on Planar Lipid Membranes

A qualitative picture of the adhesion of a single NP on a planar
tensionless lipid membrane is shown in Fig. 1, which depicts a series of
snapshots, at equilibrium, for different values of the NP’s diameter and
adhesion strength. This figure demonstrates that the adhesion of a NP on
the lipid membrane leads to the membrane’s wrapping of the NP, with a
degree of wrapping that increases with increasing the adhesion strength
regardless of the NP’s size. The degree of wrapping of the NP by the
membrane is quantitatively defined as

Z:%(l—cas&'), (10)
where the wrapping angle ¢ (0 < 8 < x). The NP is therefore unbound if
Z = 0. However, The NP is completely wrapped if Z is almost 1. Note
that due to the finite thickness of the bilayer, Z < 1, even for complete
wrapping. In Fig. 2, the degree of wrapping for two NP sizes are shown
as a function of adhesion strength. This figure confirms the qualitative
results shown in Fig. 1, i.e. that the degree of wrapping increases with

’ 4 i’ 3 i l 2 i l i
- ',2,,5 A;a(RJr:mfr) _AJH(R+2n7r) _uz“a“(RqL’:mfr) +u?a“(RJTr,nfr) 13,7 it r<R4r
4r . 3r,, 2r . T 20
Us(r) = aR [ R4 =) R4 —r) 2w R4y ) . , (8
“ 2nr fn* usa ( ,5rc P’) _ um ( J:’c r) + 'um ( 5 rc )") if R+T‘m <r S R+ r,
r 5r,, 4r . r.
0 it r>R+r,

where uﬁ‘f“ is the minimum value of the potential, per unit of area, be-
tween an element of area of the NP’s surface and an h- or t-bead at a
distance 7. U™ > 0, u%" < 0 and u®" = 0 to promote adhesion of the
NP on the lipid membrane. In Eq. (8), A** = u’% — u!% . The net inter-
action between two NPs is likewise calculated from the integration of the
potential energies between two elements of the NP’s surface. The

increasing adhesion strength, and that larger NPs are more easily
wrapped by the membrane than small NPs.

The results above show that spherical NPs can be partially wrapped
by tensionless membranes. This contradicts the argument, based on the
minimization of the free energy in Eq. (1), predicting that a spherical NP
is either unbound or completely wrapped by tensionless planar mem-
branes. To confirm that the partially wrapped states shown in Fig. 1 are
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Fig. 1. Top left panel: Sequence of equilibrium snapshots of a NP (green) of
diameter D = 2.8 nm with a tensionless bilayer. Snapshots A to G correspond to
£ =0.6,1.0,1.3, 2.0, 4.0, 6.5, and 7.0¢ with ¢ = kgT/3, respectively, where &;
is the interaction strength between a bead belonging to the NP and a lipid head
bead. Top right panel: Series of snapshots for the case of a NP with D = 8.7 nm.
Snapshots A to G correspond to & = 0.01, 0.40, 0.50, 0.60, 0.80, 0.90 and 1.0¢,
respectively. Bottom panel: NPs of different diameters with a bilayer at £ =
0.6¢. Snapshots A to D correspond to D = 2.8, 8.7, 11.5, and 14.4nm,
respectively. Note that when endocytosed, the NPs are encapsulated by a vesicle
with the diameter of the inner leaflet about the size of the NP, as indicated by
snapshots G for D = 2.8 and 8.7nm, and snapshot D in the bottom panel. Brown
and blue represent the membrane and green correspond to the NP. Results
based on NP Model I. Reproduced from Spangler et al. (2016).

equilibrium and not metastable states, we performed the following
sequence of simulations of a NP with diameter D = 8.7 nm, resulting in
a degree of wrapping vs time shown in. Fig. 3. The system is initially
equilibrated at a very low adhesion strength (£; = 0.025¢), at which the
NP is unbound. At the beginning of stage I, the adhesion strength is
suddenly increased to 0.6¢, at which the system is let to equilibrate for
almost 2 x 10°z. At this adhesion strength, the degree of wrapping
Z = 0.75. At the end of stage I, the adhesion strength is then reduced to
0.4¢, and the system is let to equilibrate for almost 2 x 10°7 during stage
II. During this stage, the degree of wrapping drops to Z = 0.25. Finally,
at the beginning of stage III, the adhesion strength is increased back to
0.6¢. The degree of wrapping increases again back to its value during
stage I, as shown in Fig. 3 . This simulation therefore confirms that the
partially wrapped states of the NP are indeed equilibrium states and are
independent of the initial configuration of the system.
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Fig. 2. Degree of wrapping, Z, defined by Eq. (10) and the inset diagram, vs
adhesion strength for the case of D = 8.7nm (red symbols) and D = 2.8nm
(blue symbols). Solid lines are guides to the eye. The wrapping angle 6 is
calculated as follows: For each azimuthal angle ¢ around the z-axis, a latitude
angle 6,4, (¢) is determined as the maximum latitude angle of lipid head beads
within a distance 1.3r, from the NP’s surface. The wrapping angle € is then
determined from averaging . over the azimuthal angle . Results based on
NP Model L. Reproduced from Spangler et al. (2016).
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Fig. 3. The degree of wrapping, Z, vs time for a NP of diameter 8.7 nm. During
stagel, & = 0.6¢, during stage II, £& = 0.4¢, and during stage III, £&; = 0.6e. The
snapshots are final configurations in each stage. Results based on NP Model L.
Reproduced from Spangler et al. (2016).

We then determined the adhesion phase diagram, shown in Fig. 4, of
a single NP with a tensionless membrane, as a function of NP’s diameter
and NP-membrane adhesion strength. Fig. 4 shows that there are three
main phases corresponding to the unbound-NP phase for small values of
adhesion strength (yellow region). This is followed by a phase at inter-
mediate adhesion strengths where the NP is bound and partially wrap-
ped by the membrane at intermediate values of £ (green region). At
high adhesion strength, the NP is endocytosed. The boundaries between
the different phases decrease with increasing NPs’ diameter, implying
that it is easier for large NPs to adhere and be uptaken by a bilayer than
small NPs. This agrees with Le Bihan et al.’s study, which showed that
surface modified Au-NPs with diameters larger than 30 nm are sponta-
neously internalized by 1 um liposomes, while smaller ones are not Le
Bihan et al. (2009). We note that, here, the NP’s uptake is spontaneous,
and leads to the NP being completely wrapped by a vesicle with the
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Fig. 4. Adhesion phase diagram of a spherical NP on a tensionless planar
membrane. Black circles represent states where the NP is endocytosed. Red
circles (green region) represent states where the NP is partially wrapped, and in
the yellow region, the NP is unbound. Results based on NP Model I. Reproduced
from Spangler et al. (2016).

inner diameter about that of the NP (see Fig. 1). There are other sce-
narios of NPs translocation through lipid membrane without engulf-
ment, which can occur for example in the case of amphiphilic NPs Van
Lehn and Alexander-Katz (2019) or hydorphobic NPs Ting and Wang
(2012).

4, Effect of NP Size and Range of Interaction on their Adhesion
on Planar Lipid Membranes

We recall that the minimization of the free energy based on the
Helfrich Hamiltonian predicts that a spherical NP is either unbound or
completely wrapped by a tensionless membrane Deserno and Bickel
(2003). This theory assumes that the NP-membrane interaction is a
contact interaction, and should therefore be valid only in the limit where
the range of the interaction is much shorter than the size of the NP and
the thickness of the bilayer. A more recent continuum theory by Raatz
et al. Raatz et al. (2014), in which the range of the NP-membrane
interaction is finite, shows that the degree of wrapping is continuous
for any finite range of interaction, and that the particle is either unbound
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I . v y |
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| E / » a =15nm (UP) |_|
04 ﬁ ] J £ v D=150m(DN)
| LY i X £ & D=20nm(UP)| |
E® ¢ $ v D=20nmm(DN)
* / o & & D=30nm(UP)
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¥ I *&&ﬁaﬁkbk T -
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Fig. 5. Degree of wrapping vs adhesion strength for different NP’s diameter
and a range of interaction, 2 = 2 nm. Black, red, green and blue correspond to
D =10, 15, 20, 30 and 40 nm, respectively. Open upward triangles correspond
to upward annealing scans, whereas closed downward triangles correspond to
downward annealing scans. Dotted and solid lines are guides to the eye. Results
based on NP Model II. Reproduced from Spangler and Laradji (2020).
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or completely wrapped by the membrane only in the limit of infinites-
imally short-range interaction. Our computational results, shown in the
previous section, were obtained from simulations of NPs with diameter
less than 20 nm and range of NP-membrane interaction equal to 2 nm.
To determine the effects of the size of larger NPs and range of interac-
tion, we performed two sets of simulation using NP Model II; one with a
fixed range of interaction A = 2 nm and NP’s diameter varying between
10 and 40 nm and another with a fixed diameter of 30 nm and range of
interaction varying between 2 and 10 nm.

Fig. 5 shows that for NPs with diameter less than 20 nm, the degree of
wrapping is continuous, in accord with our discussion in Section III
using NP Model L. However, for D > 20nm, the degree of wrapping ex-
hibits a discontinuity gap which increases with increasing D. Further-
more, if D = 30 and 40 nm, a hysteresis in the degree of wrapping is
observed as the adhesion strength is scanned upward or downward,
indicating that a first order wrapping transition emerges as the NP’s
diameter is increased.

The effect of range of interaction on the degree of wrapping is shown
in Fig. 6 for the case of D = 30 nm. This figure shows that while the
degree of wrapping exhibits some discontinuity up to A = 8 nm, the
increases of the degree of wrapping becomes continuous for 4 =10 nm.
Figs. 5 and 6 show that a discontinuity in the degree of wrapping
emerges as the NP’s diameter is increased or as the range of interaction
is decreased. Therefore, our simulations indicate that the theoretical
limit, where the NP is either unbound (or marginally adhering to the
membrane) or completely wrapped by the membrane should be
asymptotically recovered from the simulations as D is increased or as 1 is
decreased Raatz et al. (2014).

5. NPs’ Adhesion on Vesicles

The results presented above were focused on the adhesion of
spherical NPs on tensionless planar membranes. It is of course useful to
examine as well the adhesion of spherical NPs on vesicles, and determine
the effect of the size of the vesicle on the degree of wrapping. We
therefore also performed a series of simulations of 10-nm NPs on vesicles
without volume constraint and with diameters corresponding to 32.8,
68.2, 90.8 and 106.3 nm. The degree of wrapping versus adhesion
strength from these simulations, along with that for the case of a
tensionless planar membrane, are shown in Fig. 7. This figure shows that
the degree of wrapping is continuous for the case of the larger vesicles
(90.8 and 106.3 nm), but then becomes discontinuous for the smaller
ones (32.8 and 62.8 nm). The discontinuity in the degree of wrapping is

[ | & a=2mmupP) J
¥ A=2nm(DN) f{ $ \f
[ | &4 XA=4nm(UP) i I _
08 v J=4nm(DN) i | ]
L A =8 nm (UP) il
v i=8nm(DN) X i
0.6F |2 #=10mup ’ ] _
¥ A=loam (DN 4 ? | 3
N[ 42 a o
04+ JO b s
_ £ g s i |
02 f 2 ! '
L f f 2 -
X J
0. - ‘-HﬂlAwgwm'ﬁ
030 -2.5 -20 -1.5 -1.0 -0.5 00

In g]]

Fig. 6. Degree of wrapping vs adhesion strength for a 30-nm NP’s and different
values of the range of interaction, corresponding to A =2 nm (blue), 4 nm
(green), 8 nm (red) and 10 nm (black). Open upward triangles correspond to
upward annealing scans, whereas closed downward triangles correspond to
downward annealing scans. Dotted and solid lines are guides to the eye. Results
based on NP Model II. Reproduced from Spangler and Laradji (2020).
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Fig. 7. Degree of wrapping of a 10-nm NP, vs adhesion strength, by vesicles
with diameters corresponding to 32.8 nm (red), 68.2 nm (green), 90.8 nm
(blue), and 106.3 nm (orange). Black symbols corresponds to the case of a
planar membrane. Solid lines are guides to the eye. Results based on NP
Model IL

however different from that for large NPs on planar membranes, dis-
cussed in the previous section (Fig. 5). In the case of large NPs on a
planar membrane, the NPs experience a high degree of wrapping, albeit
partial, at high adhesion strength. However, in the case of the 10-nm NP
on small vesicles, when the degree of wrapping exhibits a discontinuity,
the NP is either weakly wrapped or completely endocytosed.

6. Membrane-Induced Self-Assembly of Spherical NPs

The adhesion of a NP on a membrane leads to local deformations of
the membrane that extend beyond the scale of the NP, as demonstrated
by the configurations of Fig. 1 . This has the potential effect of inducing
effective interactions between adhered NPs on the membrane, leading to
their self-assembly.

To investigate the effect of NP’s adhesion on their cooperative
behavior on tensionless planar membranes, we first conducted a set of
systematic simulations with two spherical NPs only Spangler et al.
(2018). It is important to emphasize that, here, the direct interaction

Ey [kgT/inm?] B
4 () [el) o

N

Fig. 8. Phase diagram of two NPs on a planar tensionless membrane, in terms
of the NPs diameter and adhesion strength. Phases from bottom to top corre-
spond to the unbound state (U-phase), the quasi-two-dimensional gas phase of
bound NPs (G-phase), in-plane dimers (ID-phase), out-of-plane dimers or tubes
(OD-phase) and endocytosed dimers (E-phase). Results based on NP Model II.
Reproduced from Spangler et al. (2018).
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between the NPs is fully repulsive. Fig. 8 depicts the phase diagram of
two NPs as a function of their diameter and the adhesion strength. This
figure shows that for weak adhesion strength, the NPs are unbound, as
expected. As the adhesion strength is increased, the NPs adhere to the
membrane, while causing small local deformations in the membrane
curvature, and their positions are spatially uncorrelated (G-phase in
Fig. 8). As the adhesion strength is further increased, the amount of
wrapping of each NP increases, leading to a gain in the adhesion energy
at the cost of an increase in the membrane curvature energy. Beyond
some adhesion strength, the curvature energy becomes too high to be
compensated by the decrease in the adhesion energy for monomer NPs,
leading to their dimerization into in-plane chains shown by a snapshot in
Fig. 8 . With further increase of the adhesion strength, the in-plane di-
mers transform into out-of-plane dimers, or tubes, with a typical snap-
shot shown in Fig. 8, Finally, the NPs are endocytosed when the
adhesion strength is further increased. This phase diagram demonstrates
that despite the repulsive interaction between the NPs, effective
attractive forces between them are induced by membrane deformations
resulting from the adhesion of the NPs

In order to further understand the cooperative behavior of spherical
NPs, induced by lipid membranes, we performed a series of simulations
to obtain the aggregation phase behavior in terms of the number of NPs,
N, on the membrane (i.e. their areal number density) and adhesion
strength in the case of D = 8 nm. Fig. 9 shows this aggregation phase
diagram obtained from slow upward annealing scans with respect to the
adhesion strength. This figure demonstrates a rich phase behavior in
which the size of the aggregate plays a major role. Snapshot configu-
rations corresponding to the various phases in Fig. 9 are shown in
Fig. 10.

Fig. 9 shows that for low adhesion strength, the NPs are randomly
distributed on the membrane in a gas phase (snapshot A in Fig. 10). As
the adhesion strength is increased from that in the gas phase, 2 to 5 NPs
aggregate into chains (snapshots B and C in Fig. 10). However, as the
adhesion strength is increased from the gas phase, for N > 6, the NPs
aggregate into short-lived chains, which then transform into bitubular
structures, shown by snapshot F in Fig. 10 . This bitube aggregate is
made of two parallel out-of-plane chains in close proximity. A slice of a
bitube along the xy-plane, shown by the right snapshot in panel F of
Fig. 10, demonstrates that NPs are half wrapped in the xy-plane.

To further investigate the effect of the number of NPs in the aggre-

5.0 T T T T T T T
asp T -
T aol rrr |
{:}\ J
& 3.5 S
n 3
b2 R ]
e
W? 30 e
. |
I _
25 ) I 1,
I = 1
20 I I \I | I
6 7 8 9 10

Number of NPs

Fig. 9. Aggregation phase diagram in terms of the number of NPs and adhesion
strength for the case of 8-nm NPs. G corresponds to the gas-phase (snapshot A in
Fig. 10), C corresponds to the chain phase (snapshots B and C in Fig. 10), Tr
corresponds to the trimer phase (snapshot D in Fig. 10), B corresponds to the bi-
tube phase (snapshots E and F in Fig. 10), R corresponds to the ring phase
(snapshots G in Fig. 10), and T corresponds to the tube phase (snapshots H and I
in Fig. 10). Results based on NP Model II. Reproduced from Spangler
et al. (2018).
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Fig. 10. Snapshots of the various aggregates.
(A) Gas state of adsorbed NPs. (B) Two views of
in-plane chains of 5 NPs. (C) Two views of in-
plain chains of 3 NPs. (D) Different views of
equilateral triangular cluster of 3 NPs. (E) and
(F) Different views of bi-tube structures for 4
and 8 NPs, respectively. (G) Different views of
the ring structure at two adhesion strengths for
8 NPs. (H) and (I) Tube structures of 3 and 8
NPs, respectively. Results based on NP Model I1.
Reproduced from Spangler et al. (2018).
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gate on the stability of the chain phase, we conducted a series of simu-
lations, where both adhesion strength and number of NPs are varied.
The corresponding results are shown in Fig. 11 in terms of the number of
contact lipids per NP versus time. Here, starting with 5 NPs in the gas
phase at £y = 2.32kpT/nm?, the adhesion strength is suddenly increased
to 2.42kpT/nm? leading to the spontaneous aggregation of the NPs into
an in-plane chain (snapshot A in Fig. 11). The adhesion strength is then
reduced back to 2.32kgT/nm?, leading to the dissociation of the chain
into a gas (snapshot B in Fig. 11). Two additional NPs are then inserted
into the system at random positions without change of the adhesion
strength (snapshot C Fig. 11). The 7 NPs then spontaneously self-

assemble into a chain (snapshot D in Fig. 11). However, this chain is
short-lived, and eventually transforms into a bitube (snapshot E in
Fig. 11). This simulation shows that while the chain structure seem to be
stable for N = 5, it is actually unstable, or at best metastable, for N =7.
In contrast, the addition of NPs to a bilayer with a bi-tube or ring
aggregate does not destabilize the structure.

For N <5, further transformation of the chain structure, with
increasing adhesion strength, depends on the number of NPs. We have
seen earlier that 2-NPs chains transform into out-of-plane tubes, shown
in Fig. 8 . However, 3-NPs chains (snapshot C in Fig. 10) transform into
out-of-plane equilateral triangular trimers (snapshot D in Fig. 10). 4- and
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Fig. 11. The number of lipids in contact with the NPs, normalized by the
number of NPs, vs time, as both £, and N are varied. To the left and right of the
vertical dashed green line, the adhesion strength is 2.42 and 2.32kpT/nm?,
respectively. To the left and right of the vertical dashed red line, N=5 and 7,
respectively. Snapshots A to E show the configuration of the NPs in each stage
of the simulation. Results based on NP Model II. Reproduced from Spangler
et al. (2018).

5-NPs chains, however, transform into bitubes (snapshot E in Fig. 10).
For N > 5, the bitube structure evolves into a ring, shown by snapshots G
in Fig. 10 . The evolution of the bitube structure into a ring is due to the
increased degree of wrapping each NP experiences with increasing the
adhesion strength, as demonstrated by the right snapshots in panel G of
Fig. 10 . Since rings necessitate at least 5 NPs, they are not observed in
the case of smaller aggregates. As the adhesion strength is further
increased, all aggregates transform into out-of-plane tubes shown by
snapshots H and I for N = 3 and 8, respectively. The in-plane linear

1 2z 3 4 5
g]] [kBT/nm2]

Fig. 12, Number of lipids, per NP, that are in contact with NPs, vs adhesion
strength for the case of N = 2 (A), N =5 (B) and N = 8 (C). Data obtained from
upward annealing scans (solid arrows) and downward annealing scans (dashed
arrows). Black curves correspond to the gas phase, red curves correspond to the
in-plane chain phase, green curves correspond to the bitube/ring phase, and the
blue curves correspond to the out-of plane tube phase. Results based on NP
Model II. Reproduced from Spangler et al. (2018).
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chains (C-phase) and out-of plane chains (T-phase) were observed by
Saric and Cacciuto Saric and Cacciuto (2012) using the dynamic trian-
gulation Monte Carlo model Sunil Kumar and Rao (1998).

To further infer the stability of the various observed structures, we
performed both upward and downward annealing scans with respect to
the adhesion strength. The obtained numbers of contact lipids, per NP,
versus £y are shown for the cases of N = 2, 5 and 8 in Fig. 12. All upward
annealing scans start from the gas phase. This figure shows that for both
cases of 2 and 5 NPs, the transition from the gas phase to the chain phase
is reversible. The transition from the gas phase to the bitube phase, in
the case of the 8 NPs is characterized by a hysteresis. Interestingly an
annealing downward from the bitube phase leads always to the gas
phase, with the in-plane chain phase being completely bypassed. Like-
wise, downward annealing from the tube phase always leads to the gas
phase, bypassing all other structures, regardless of the size of the
aggregate. Therefore, there exist high energy barriers between the tube
phase and the bitube/ring phase as well as between the tube phase and
the chain phase, which might prevent the system from reaching
equilibrium.

Free energy calculations would be very useful in determining the
stability of the various observed structures. Free energy calculations
using the potential of mean force in conjunction with the weighted
histogram analysis method Kumar et al. (1992) would be desirable.
However, this approach is not practical in this case as it requires
non-trivial reaction coordinates. We therefore opted for an alternative
approach that provides an approximate free energy

F = Eun + Feurvs amn
where E.q4, is the adhesion energy and F_, is calculated using a local
Monge representation of the Helfrich Hamiltonian Helfrich (1973) for
the determination of the membrane curvature contribution to the free
energy, as detailed in Ref. Spangler et al. (2018). We note that this is a
saddle-point approximation accounting mostly for configurations of the
membrane around the minimum of the free energy. Eq. (4) does not
therefore fully account for the conformational entropy of the lipid
membrane. The calculations show that the gas and tube phase are pre-
dominantly stable phases over wide intervals of adhesion strength. The
chain phase is found to be stable over a narrow range of adhesion
strength for five or less NPs only. The bitube phase, on the other hand is
only marginally stable for a very narrow range of adhesion strength.

7. Conclusions

In this article, we reviewed recent results, based on molecular dy-
namics simulations, of NPs adhesion and self-assembly on lipid mem-
branes. The solvent is implicit in this model and the interactions are soft.
These allows for systematic and large scale simulations over a wide
range of NPs diameter, their number, and adhesion strength. We found
that the degree of wrapping, of NPs adhering to tensionless planar
membranes, increases continuously with increasing the adhesion
strength for small NPs. However, for larger NPs, we found that the de-
gree of wrapping exhibits a discontinuity with a gap that increases with
increasing the adhesion strength. We also found that the discontinuity
for the larger NPs disappear as the range of interaction is increased. The
results of the continuum theory based on the minimization of the Hel-
frich Hamiltonian only explores a limited regions of the phase diagram,
which is recovered by the method used here Deserno and Bickel (2003).
Our approach demonstrates that the actual phase diagram is much richer
than predicted by the continuum theory.

In the case of NPs bound to vesicles without volume constraint, we
found that the degree of wrapping for small NPs increases continuously
with adhesion strength for large vesicles, it also exhibits a discontinuity
for small vesicles. Here, the discontinuity is between weakly wrapped
states and endocytosed states.

Our investigation of the many NPs bound to tensionless planar
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membranes shows a rich aggregation phase diagram that depends
strongly on the size of the aggregate and the adhesion strength. For weak
adhesion strength, the NPs are in a quasi-two-dimensional gas state. As
the adhesion strength is increased, in-plane chains are observed for
aggregates composed of a small number of NPs. However, aggregates
composed of a larger number of NPs transform into out-of plane bitubes,
corresponding to two apposed parallel out-of-pane chains. As the
adhesion strength is further increased, the bitubes transform into out-of-
plane rings. For even higher adhesion strength, the NPs aggregate into
out-of-plane single chain tubes. Free energy calculations and annealing
scans with respect to the adhesion strength show that the gas phase and
the out-of-plane tubes are the predominant phases. The in-plane chains
and the bitube/ring structures appear only during upward annealing
with respect to adhesion strength. They are however, completely absent
during downward annealing scans. Free energy calculations show as
well that the chain phase appear to be stable for a very narrow range of
adhesion strength and small aggregates. The bitube structure is at best
marginally stable over a narrow range of adhesion strength.
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