Osmotic concentration-controlled particle uptake and wrapping-induced lysis of cells

and vesicles

Qingfen Yu'*, Sabyasachi Dasgupta''?**, Thorsten Auth!, and Gerhard Gompper!

L Theoretical Soft Matter and Biophysics, Institute of Complex Systems and Institute for Advanced Simulation,

Forschungszentrum Jilich, D-52425 Jilich, Germany,
2 Mechanobiology Institute, National University of Singapore, 11899 Singapore*

In vivo, high solute and ion concentrations determine the preferred volumes of cells, organelles,
and vesicles. Deformations of their lipid-bilayer membranes by nanoparticle wrapping reduce the
interior volumes available to solutes and thus induce large osmotic pressure differences. Osmotic
concentration can therefore be an important control parameter for wrapping of nanoparticles. We
employ a curvature elasticity model of the membrane and contact interaction with spherical particles
to study their wrapping at initially spherical vesicles. Whereas the continuous particle-binding
transition is independent of the presence of solutes, the discontinuous envelopment transition shifts
to higher adhesion strengths and the corresponding energy barrier increases with increasing osmotic
concentration. High osmotic concentrations stabilize partial-wrapped, membrane-bound states for
both, particle attachment to the inside and the outside. In this regime, wrapping of particles controls
membrane tension—with power-law dependencies on osmotic concentration and adhesion strength.
For high adhesion strengths, particle wrapping can lead to the opening of mechanosensitive channels
in cell membranes and to lysis. Membrane tension-induced stabilisation of partial-wrapped states
as well as wrapping-induced lysis play important roles not only for desired mechano-bacteriocidal
effects of engineered nanomaterials, but may also determine viral burst sizes of bacteria and control

endocytosis for mammalian cells.
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A large number of engineered nanoparticles can nowa-
days be fabricated with tuned physicochemical proper-
ties, such as size, shape, charge, and surface chemistry
[1-5]. They are industrially used for various applica-
tions, e.g. in food and cosmetics industries, because of
their large surface-to-volume ratio [6, 7]. Furthermore, a
substantial amount of nano- and microplastics is found in
oceans and seafood [8, 9]. A careful assessment of toxico-
logical risks is thus essential [10, 11]. For potential appli-
cations in medical diagnostics and therapy, nanoparticles
serve as markers for imaging [12-14], as heat sources for
cancer therapy [15], and as vectors for targeted drug de-
livery [16, 17].

Small compartments bounded by lipid-bilayer mem-
branes are essential for life: bacteria and eukaryotic cells
are basic building blocks of life, organelles compartmen-
talise cells, and small vesicles can act as cargo contain-
ers. An important example is exosomes, small unilamel-
lar vesicles that play important physiological roles in
signalling and transport [18] and that can be used to
detect cancer [19]. For systematic studies to advance
both, predictive nanotoxicology and biomedical appli-
cations for nanomaterials, good control not only over
membrane-nanoparticle interactions, but also over the
physico-chemical properties of their environment is im-
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nanoparticles, osmotic pressure, membrane tension, endocytosis, mechano-bacteriocidal,

portant [20, 21]. This is particularly evident for nanopar-
ticle wrapping at vesicles. Figure 1 shows snapshots for
the interaction between nanoparticles and vesicles in so-
lutions with identical particle wrapping fractions and var-
ious solute-concentration differences of macromolecules
or ions between the interior and the exterior. While the
“neck” regions around the nanoparticles are catenoid-like
for low osmotic concentrations, the overall shapes of the
vesicles with partial-wrapped particles are more spherical
for high osmotic concentrations. This indicates that in
the latter systems, nanoparticle wrapping is controlled by
osmotic pressure and induced membrane tension instead
of membrane bending rigidity.

Biological systems usually contain high concentrations
of ions and proteins, such that small volume changes
of membrane-bounded compartments can induce large
osmotic-pressure differences and large changes in mem-
brane tension. Membrane tension is key for many inter-
nalization and secretion processes. For example, for a
human erythroleukemia cell line, the endocytosis rate of
fluorescent proteins has been shown to decrease with de-
creasing osmotic concentration in the external medium,
and endocytosis is completely inhibited below a threshold
value [22]. Internal stress of cells induced by adhesion to
substrates can also suppress nanoparticle uptake [23, 24].
For bovine adrenal medullary cells, hypotonic and hy-
pertonic extracellular solutions lead to increase and de-
crease of vesicular secretion, respectively [25]. Finally,
under physiological conditions, the stiffness of adhered
nanovesicles with sizes of about 100 nm is dominated by
osmotic pressure rather than membrane bending energy
[26].
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FIG. 1. Calculated shapes of initially pressureless spherical
vesicles (gray) with fixed membrane area for (a) out-to-in and
(b) in-to-out wrapping of spherical nanoparticles (red). The
ratio of particle radius to vesicle radius is Rp/Rv = 0.3 and
the wrapping fraction of the partial-wrapped particles is fw =
0.41. The bending rigidity of the membrane is k = 50kgT.
From left to right the osmotic pressure difference between the
vesicle and its surrounding increases; the snapshots belong
to vesicles that contain #, = 1,600, #i, = 1.6 x 10°, and
fiv = 1.6 x 107 entities of solute.

Implications of nanoparticle adhesion-induced mem-
brane tension are crucial for signalling and toxicology.
For example, MscS channels in F.coli open at a mem-
brane tension v = 1.3kpT/nm? [27] and MscL chan-
nels at v = 2.5 kgT/nm? [28, 29], such that a mechani-
cal stimulus can induce an electrophysiological response.
High membrane tension of embryonic stem cells can in-
hibit endocytosis of signalling components and thereby
regulate their differentiation into specialized cells [30].
Finally, nanomaterials can act as antibacterials [31]. For
example, nanoparticles can damage the cell walls of bac-
teria [32] and adhesion to natural and artificial nanos-
tructured surfaces can induce membrane tension that
leads to lysis of bacteria [33-35]—despite many bac-
teria are coated by liquid-crystalline lipopolysaccharide
coats, so-called S-layers of proteins [36]. The existence of
mechano-bacteriocidal activity is in particular supported
by studies that use nanoparticles made from gold, which
is a non-toxic material [37-39]. Along the same lines,
nanomaterials are discussed as nanoantibiotics that do
not suffer from the resistance development [40].

Deformation energies for fluid vesicles with or with-
out particles have been calculated for various systems
at vanishing osmotic concentration [41-44]. Here, we
study the interaction of spherical particles with initially
spherical vesicles in solutions with finite osmotic concen-
trations. We predict wrapping transitions between non-
wrapped, partial-wrapped, and complete-wrapped states
of the particles. In general, high osmotic concentrations
stabilise partial-wrapped states. Furthermore, we cal-

culate wrapping-induced membrane tensions and predict
lysis of vesicles and opening of mechanosensitive chan-
nels of cells. For fixed particle-to-vesicle size ratio, the
membrane tensions induced by partial-wrapped parti-
cles increase with increasing vesicle size, with increas-
ing osmotic concentration, and with increasing adhesion
strength. For lysis induced by many-particle adhesion,
the number of particles required to reach the lytic tension
of the membrane thus decreases with increasing adhesion
strength. Lysis is facilitated by smaller vesicle sizes and
larger particle sizes.

We employ a continuum membrane model to calculate
membrane shapes and deformation energies. Continuum
membrane models and energy minimisation have been
successfully applied to predict interactions of fluid mem-
branes with particles of different shapes and sizes [1].
The wrapping energy for a particle that interacts with
a vesicle is the sum of the deformation energy costs and
the adhesion energy gain,

E:Qn/dSH2+Ep+yLA—w/dS, (1)
A Aad

where & is the bending rigidity and H the mean curvature
of the membrane, w the adhesion strength between parti-
cle and membrane, A the total membrane area, and A,q
the membrane area adhered to the particle. In addition,
we take an osmotic pressure energy E, into account, as
well as a term 71, A that fixes the total membrane area A
of the vesicle, with the membrane tension 1, as Lagrange
multiplier.

We consider an initially spherical vesicle with radius
R, and volume Vy = (4/3) m R3, and a spherical nanopar-
ticle with radius R;, and volume V;, = (4/3)7 R} sus-
pended in buffer solution. Prior to wrapping, the over-
all osmotic concentration ¢, = ny,/V;, with the chemical
amount ny, of solute (measured in mol) in the buffer vol-
ume V4, equals the osmotic concentration ¢, = n,/Vj in
the interior of the vesicle with chemical amount n, of so-
lute enclosed by the vesicle and the initial vesicle volume
V. The osmotic pressure difference

AIl = (CV - Cb) NA /{IBT (2)

between the buffer inside and outside the vesicle that
develops during wrapping is determined by van’t Hoff’s
formula, where Na = 6.02 x 102 mol ™! is the Avogadro
constant. During particle uptake, an initially spherical
vesicle with v = 1 assumes shapes with reduced volumes
v =V/Vy < 1. Therefore, the initially vanishing osmotic
pressure difference increases and nanoparticle wrapping
gets increasingly difficult with increasing particle wrap-
ping fraction. By integrating over the pressure difference
for the volume change from the spherical to the deformed
state, we find the osmotic pressure energy

ES"20 (0) = i, (v — Inv — 1) kpT (3)

for n, = ny Na entities of solute in the vesicle, see sup-
porting information. An analogous expression holds for
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FIG. 2. Wrapping diagrams for (a) out-to-in and (b) in-to-out wrapping for various reduced adhesion strengths w, reduced
osmotic concentrations 7., reduced particle sizes 0.2 < RP < 0.5, and membrane bending rigidity x = 50kgT. Stable
non-wrapped (NW), partial-wrapped (PW) and complete-wrapped (CW) states are separated by the binding or the binding-
envelopment transition (NW-PW and NW-CW, both labeled as W1), and the envelopment transition (PW-CW, labeled as W2).
The osmotic concentration-independent solid lines are the analytical predictions for the continuous transitions for the solute-free
system from Ref. [45], @ = (1+ R;,)? for out-to-in binding and @ = (1— R;,)? for in-to-out binding, and @ = (14 Rp(1—R2)'/?)?
for in-to-out envelopment. The solid line for w = 14+kpT/(87kK) (Vo2i,cw — I Vo2i,cw — 1) 1y represents the discontinuous binding-
envelopment transition for out-to-in wrapping, see supporting information. The black points mark the analytically predicted
triple points for out-to-in wrapping at @* = (1 — R,)? and 7}, = 87&[(1 4+ Rp)? — 1]/(v —Inv — 1). The dashed lines are guides

to the eye for the numerical data.

a particle exiting a spherical vesicle with the effective
reduced volume v* = (V = V,,)/(Vo — V,).

Experimental values for the number 72, of entities of so-
lute span a broad range 0 < 7, < 10'3 [46-48]. Normal
saline with 9 g of salt per liter and an osmotic concentra-
tion of 308 mOsm/1 is almost isotonic. Under these phys-
iological conditions, 7, = 6 x 10* for a small vesicle with
R, ~ 20nm, 7, = 6 x 107 for a vesicle with R, ~ 200nm,
and i, = 6 x 1019 for a vesicle with R, = 2pm. In
the following, we use the reduced energy F = E/(87k),
the reduced adhesion strength @ = wRﬁ/(Zn‘), and the
particle-to-vesicle size ratio R, = R,/R,.! The wrap-
ping fraction is represented as fy, = Aaq/Ap, where A,
is the total surface area of the particle. Furthermore, we
employ a reduced osmotic pressure for out-to-in wrap-
ping, Al = ATIR3/ kgT.

Using triangulated surfaces [49-52], we calculate vesi-
cle deformation energies for various wrapping frac-
tions fy. Optimal vesicle shapes and minimal ener-
gies for fixed membrane area are obtained with the
help of the freely available software package “Surface
Evolver” [53]. Thermal membrane fluctuations are not
taken into account in this approach. Such fluctua-
tions have two main effects: (i) an excess membrane
area stored in small-wavelength undulations, and (ii) a

1 We vary the reduced particle radius Rp by changing the vesicle
radius Ry .

short-ranged repulsion of nanoparticles [54]. Both ef-
fects are small for physiologically relevant bending rigidi-
ties, k/(kpT) > 10. Fluctuation contributions and vesi-
cle deformation energies are discussed in more detail
in the supporting information. Interestingly, for large
particle-to-vesicle sizes and high osmotic pressure dif-
ferences we find a wide-to-narrow neck shape transi-
tion. Particle wrapping is best characterized by wrap-
ping diagrams that indicate the stable wrapping states
for various adhesion strengths and osmotic concentra-
tions. Figure 2 shows the wrapping transitions between
non-wrapped and partial-wrapped (W), non-wrapped
and complete-wrapped (W7), and partial-wrapped and
complete-wrapped statesi (Ws). The wrapping transi-
tions are obtained using the standard condition of equal
wrapping energy F(w) = rr}in [E(fw — wfy)] for coexist-
ing states. [55, 56].

For out-to-in wrapping, an energy barrier separates the
non-wrapped from complete-wrapped state [41-43, 45].
Therefore, for low osmotic concentrations, we find a com-
bined binding-envelopment transition W; from the non-
wrapped to the complete-wrapped state in Fig. 2 (a),
in agreement with the predictions for solute-free sys-
tems [41-43, 45]. With increasing osmotic concentra-
tion, the transition shifts to higher adhesion strengths,
W = 7y (v —Inv — 1)/(87k) + 1, because the energetic
costs for the volume change upon particle uptake in-
crease, see supporting information. For high osmotic
concentrations, partial-wrapped states are energetically
favourable over the complete-wrapped state. All three



4

out-to-in 12
18 20 22 24

6 8 10 12 14 16
Inn,

2 .

“Ymax

In

FIG. 3. Maximal reduced osmotic pressure difference Af{ and membrane tension 4 for out-to-in wrapping, membrane bending
rigidity k = 50 kg7, and various reduced particle sizes R,. (a) Data obtained using triangulated membranes (points) and a
spherical-cap approximation calculations (lines), plotted as function of the reduced osmotic concentration 7, for fixed reduced
adhesion strength @w = 100. (b) Data obtained using pressure-only calculations plotted as function of the reduced adhesion
strength @ for fixed reduced osmotic concentration fi, = 1.6 x 108.

transitions meet at the triple point, w* = (1 + ]:Ep)2 and
7 = 8rk[(1+ Rp)? — 1]/(v — Inv — 1). For i, > 7, the
binding transition at adhesion strength @ = (1 + R,)?
is continuous, as discussed for solute-free systems in
Refs. [41-43, 45]. The adhesion strengths for the sep-
arate, discontinuous envelopment transition W5 can only
be predicted numerically from equating the energy of a
partial-wrapped state with the complete-wrapped state.
The parameter regime for stable partial-wrapped states
increases with increasing 7,,, and all transitions shift to
higher adhesion strengths with increasing R,,.

For in-to-out wrapping, separate binding and envel-
opment transitions are found for all osmotic concentra-
tions, see Fig. 2 (b). The binding transition Wj at
W = (1 — Rp)? is continuous [41-43, 45]. For low os-
motic concentrations, the envelopment transition Wy at
@ = [1+ R, /(1—R2)'/?]? is also continous and essentially
independent of the osmotic concentration [41-43, 45].
For high osmotic concentrations, the envelopment transi-
tion is discontinuous and the stability of partial-wrapped
states strongly increases with increasing osmotic concen-
tration. With increasing particle size partial-wrapped
states are stabilised because the curvatures of particle
and vesicle are more similar; the binding transition Wj
shifts to lower and the envelopment transition Wy to
higher adhesion strengths. The main difference to out-to-
in wrapping is the lack of a direct transition between non-
wrapped and complete-wrapped states at low osmotic
concentrations.

In general, the osmotic pressure difference between in-
terior and exterior of a vesicle corresponds to a membrane
tension v = R,AIl/2 via the Young-Laplace equation.
The reduced osmotic pressure-induced tension, as well as

the osmotic pressure difference,

Al ~R2 3 (1
= —_— v = —_— _—— 1 n 4
2 kgl 8 (v )”V @

N

for out-to-in wrapping increase with increasing initial os-
motic concentration and decreasing reduced vesicle vol-
ume v, see Fig. 2 and supporting information. For in-to-
out wrapping, an analogous expression holds for v*. For
the calculation of the tension, we approximate the inho-
mogeneous mean curvature of the vesicle during wrap-
ping by the mean curvature H of the initially spherical
vesicle, Hinie = R L

Maximal membrane tensions for various particle-to-
vesicle size ratios and osmotic concentrations during out-
to-in wrapping are shown in Fig. 3. For reduced adhesion
strength w = 100, the particles are complete-wrapped for
fiy < 10° — 107 and partial-wrapped for higher osmotic
concentrations. Our calculations based on a spherical-
cap model [57] excellently agree with our calculations
using triangulated membranes, see Fig. 3 (a). For low
osmotic concentrations, the maximal tension vax (max-
imal osmotic pressure difference Ally,y) increases lin-
early with increasing .,

1
(1—-R2)%>— R}

- 3

Ymax = 8771'

. (5)

For the high osmotic concentrations, Figs. 3 (a) and (b)
display power laws of All,,ay and Amax, both as func-
tions of n, and w. These power laws are very well cap-
tured by a high-pressure/small-wrapping approximation,
see supporting information,

3 3e \ 2 - /- ~1/3 (7, \ 3
vmax—<2kBT) R (e +1) <W> . (6)



The increase of the maximal tension with osmotic con-
centration is weaker compared with low osmotic concen-
trations because the wrapping fractions of the partial-
wrapped particles decrease with increasing n..

Wrapping-induced osmotic pressure difference and
membrane tension for many-particle wrapping can signif-
icantly increase the particle-induced membrane tension.
Using a small-wrapping approximation, we predict the
minimum number of particles

31,2
Ny = A2 o [ A (1 + 1)] ()
3nvkpTw? |AvA, 27Vo \ R, R,
to exceed a threshold tension 7, for out-to-in wrapping,
e.g. the lipid-bilayer lytic tension. For in-to-out wrap-
ping, the same power-law dependence N, o< w™? is
found, see supporting information. Figure 4 shows the
number of particles required for lysis for physiological os-
motic concentration, strong adhesion,? threshold tension
v = 2.5 kT /nm?, and various particle and vesicle radii.
Because of the cubic dependence on ~,, the predicted
values for N, o are very different for v, = 1.3kgT/ nm?
for MscS activation [27], v, = 2.5kgT/nm? for MscL
activation and for the lytic tension for vesicles made of
purified endoplasmic reticulum membrane [28, 59], and
¢ = 6kgT/nm? for the lytic tension of dioleoylphos-
phatidylcholine (DOPC) vesicles [60].

For biological cells under physiological conditions, the
Gibbs-Donnan equilibrium determines the intracellular
ion concentrations. Negatively charged (large) proteins
within the cell, for which the membrane is impermeable,
and active ion transport across the membrane play a
dominant role. Mechanosensitive channels open when the
membrane tension exceeds a threshold value (below the
lytic tension). They allow for the exchange of ions and
small proteins, relieve a high internal osmotic concentra-
tion, and avoid membrane rupture and guarantee cell vi-
ability. However, this depends strongly on environmental
conditions. Channel opening has been shown to protect
bacteria from an osmotic shock after exposure to a hypo-
tonic solution [61]. On the contrary, for cells suspended
in isotonic solution with low protein concentration, the
breakdown of physiological regulation mechanisms for
the intracellular ion concentration for open channels can
cause lysis due to high internal protein-induced pressures.
An example for this effect is red blood cells in suspension
in a low protein content, where nanoparticles can induce
hemolysis [62].

For a spherical particle with radius R, ~ 50 nm that
approximates the volume of a T4 phage [63], and a spher-
ical vesicle with radius R, ~ 680nm that approximates
the volume of E.coli [64], Fig. 4 shows that our calcu-
lations predict activation of mechanosensitive channels

2 A particle-membrane adhesion strength w = 0.66 kgT/nm? can
be expected for dense packing of receptor-ligand bonds and for
silica particles at DMPC bilayers [43, 58].
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FIG. 4. Minimal number of particles required for vesicle lysis
for various radii of particle and vesicle for out-to-in wrap-
ping. The calculations have been performed at physiological
solute concentration of 308 mOsm/1, for a particle-membrane
adhesion strength w = 0.66 kBT/nm2, and a lytic membrane
tension v, = 2.5 kgT/nm?.

for only few hundred phages. We predict Ny, =~ 300
for opening MscL channels and N, ~ 50 for opening
MscS channels [27, 28]. Interestingly, even though we
neglect a turgor pressure prior to wrapping, our predic-
tions are similar to the ”"burst sizes” that have been re-
ported for E.coli [65, 66]. For red blood cells with acti-
vated mechanosensitive channels, we estimate because of
the excluded volume of the hemoglobin molecules alone—
using the Carnahan-Starling equation of state—a mem-
brane tension > 6 kg7 /nm? that can lead to hemolysis.?

Our finite osmotic-concentration model includes a
mechanism that maintains the volume of vesicles and
cells, which is vital for the generation of tension in closed
compartments bounded by fluid membranes. A some-
what similar system to nanoparticle binding to vesicles
is the adhesion of bacteria to a surface with a dense, regu-
lar array of nanopillars. Here, theoretical calculations for
planar membranes predict high, adhesion-induced mem-
brane tension and therefore rupture in-between the pil-
lars [67]. In general, nanomaterial-adhesion induced lysis
can be expected for all cells that cannot regulate mem-
brane area, such as bacteria and red blood cells. Mam-
malian cells are often equipped with tension-regulation
mechanisms that replenish the lipids in the membrane if
the tension increases, e.g. by disassembling caveolae [68].
This can prevent nanoparticle wrapping-induced lysis.
For example, in toxicological tests, human dermal fibrob-
lasts were not affected by gold nanoparticles that had an-
tibacteriocidal effects [38]. However, in mammalian cells
nanoparticle adhesion-induced tension may induce lyso-

3 Red blood cells contain /= 2.7 x 108 hemoglobin molecules per
cell with a volume fraction > 25 %, and have a membrane area of
~ 140 pm?. The volume of healthy, discocytic cells is &2 100 pm?.



somal damage and eventually lead to cell death after the
nanoparticles have passed the plasma membrane [69].

We have predicted wrapping phase diagrams for spher-
ical nanoparticles at vesicles with finite osmotic concen-
tration, wrapping-induced membrane tension, and for
reaching a threshold tension as for wrapping-induced
vesicle lysis. Our numerical modelling approach that in-
cludes osmotic pressure can be readily applied to other
membrane-bounded compartments and to nanomaterials
with different shapes, such as ellipsoidal or cylindrical
nanoparticles. The extension of our calculations to mul-
ticomponent cell membranes [70], membranes with spon-
taneous curvature [43], membranes supported by a corti-
cal cytoskeletal network with shear elasticity [71], mem-
branes coupled to active cytoskeletal forces [72], and to
systems with membrane-mediated clustering of nanopar-
ticles [73, 74], can be next steps toward quantifying the
importance of osmotic pressure for cells in vivo.
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