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ABSTRACT Monte Carlo simulations using the bond fluctuation
method with explicit solvent reveal the mechanism of enhanced
permeability of lipid bilayers induced by the adsorption of nano-
particles with controlled hydrophobicity. Simulation results indicate
an adsorption transition of nanoparticles on the bilayer in a certain
range of relative degree of hydrophobicity. In this range the
nanoparticles can translocate through the bilayer, reversibly desta-

bilizing the structure of the bilayer and inducing enhanced perme-
ability for water and small solutes. This transition is broader for
amphiphilic nanoparticles.
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elf-assembled lipid bilayers represent

an efficient protective barrier for living

cells." Lipid membranes prevent pas-
sage of high molecular weight components,
including nanoparticles and biopolymers
inside the cells. Overcoming such barriers
is a challenging problem for transmem-
brane drug delivery,® gene transfection,?
and cell preservation.* Small membrane-
active molecules,” anesthetics,® and neuro-
transmitters’ to a certain extent can also be
viewed as nanoparticles, which can interact
with lipid bilayers and modify their func-
tional properties. Apart from fundamental
and practical interest, the interaction of
nanoparticles with cells raises safety issues.
The abundance of nanoparticles in food,
food packaging, fuel, air pollution, cos-
metics, and cloth puts into question the
general toxicity of nanoparticles and espe-
cially their cytotoxicity, which is linked to
membrane lytic ability and their ability to
damage lipid membranes.® Despite great
interest in the topic, direct microscopic in-
formation about the interaction of nano-
particles with lipid bilayers is difficult
to obtain in experiments, and thus in
many cases the exact mechanism of inter-
action or uptake of nanoparticles remains
unknown.
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Membrane properties and the ability to
translocate through the bilayers are influ-
enced by nanoparticle composition, size,
shape, and surface properties.”'* In gen-
eral, small solute molecules can translocate
through lipid bilayers by passive diffusion,'®
while nano-objects larger than 100 nm, e.g.,
carbon nanotubes, have difficulty passing
through the bilayer by a diffusion mechanism.?
Wise patterning may be required to reduce
the energy barrier for translocation of such
objects through the bilayer.'* Nano-objects
with surface patterning, striped nanoparticles,
have shown enhanced translocation ability.

When considering nano-objects that can
translocate through membranes or that can
modify the structure of lipid bilayers to
allow for enhanced permeability for water
and small solute molecules, one usually
considers static structures,” such as pores,'®
fission and budding,'” aggregation on the
surface,'®'® and inclusion or dissolution in
the hydrophobic core of the membrane 2**'
Recently, another dynamic mechanism of
lipid membrane permeation by polymers
was proposed.”>?> The lipid bilayer represents
a potential barrier for hydrophilic homo-
polymers and a potential well for hydropho-
bic homopolymers. It was shown that there
is an intermediate range of hydrophobicity,
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Figure 1. (a) Chemical structure of a glycerophospholipid
having 10 carbon groups in each tail. (b) Models of lipid,
solvent, and various nanoparticles. (c) Scheme of the inter-
actions between the monomers of different types. (d) Average
hydrophobicity of the nanoparticles versus the relative hydro-
phobicities of their A and B monomers.

when the homopolymer is close to the adsorption
transition; that is, part of the time it is bound to the
membrane and part of the time it is in solution. Such
transition behavior destabilizes the lipid bilayer, and
fluctuations in the lipid bilayer increase. This collec-
tive phenomenon leads to improved translocation
of the polymer through the bilayer and significant
increase of the permeability of the solvent, induced
by the polymer. It is noteworthy that the resulting
permeation domain on the membrane is not static and
the damage to the membrane is reversible.

The objective of the present work is to show that a
similar mechanism based on adsorption transition
with a balanced hydrophobicity can be applied also
to nanoparticles. Thus, the objective is twofold: de-
monstrate that (i) amphiphilic nanoparticles with con-
trolled surface properties can translocate through lipid
bilayers and (ii) the presence of such nanoparticles
enhances significantly the permeability of lipid bilayers
to water and small solute molecules.

RESULTS AND DISCUSSION

Different phospholipid molecules self-assemble at
room temperature into bilayers that have slightly
different thermodynamic properties, but usually sur-
face area per lipid is about 60—70 A% and the average
volume per CH, group in the membrane core is
28 A32*2% |n our lattice model illustrated in Figure 1
and described in more detail in the Methods section,
the lipid bilayer has an average area per lipid of 27.3a°,
and the volume, occupied by the tails of a single lipid
inside the membrane, is 91.4a°. Thus, we can estimate
the size of the lattice site as equal to a = 1.54 A, which
is similar to the length of a carbon—carbon chemical
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bond, and the average bond length as about 4 A,
which is close to other estimates for the bond fluctua-
tion method (BFM) for aliphatic chains. Then we
may estimate the length of the lipid tails in the order
of 10 carbon groups, which corresponds to the glycero-
phosphatic lipid, depicted in Figure 1a. One may notice
that the thickness of the membrane core in our simula-
tion, 10.3 A, is slightly smaller than expected for the
membrane formed by such lipids. This is due to the
coarse-grained nature of our model, which reflects
universal properties of the system, rather than the
exact quantitative characteristics. The size of the simu-
lation box is equal to 98.6 x 98.6 x 98.6 A, and the
effective diameters of the solvent and the nanoparti-
cles are equal to 3.8 A, which is comparable to the size
of water molecules, and 6.1 A, correspondingly. Nano-
particles produced in the experiment may be larger
than 6.1 Ain diameter; for example, C60 is about 10 A in
diameter.2® However one may expect similar behavior
of the system as far as their size is similar to the
thickness of the phospholipid membrane.
Translocations of hydrophilic nanoparticles through
the bilayer occur very rarely, and, although the size of
the simulated nanoparticles is only several times larger
than the size of the solvent molecules, the bilayer
permeability for the hydrophilic particles (H = 0) is
negligible compared to the permeability of the solvent.
As the hydrophobicity of the nanoparticles is increased
(Figure 2), two different situations are possible. The first
one takes place when the nanoparticles are able to stay
dissolved in the solvent (Figure 2a). In this case their
ability to penetrate through the membrane increases
slowly along the increase of their average hydro-
phobicity, until the membrane permeability for them
becomes equal to the permeability for the solvent. In
our model it happens at H = 0.47 + 0.03. Further
increase of the particles' hydrophobicity leads to a
faster increase of the permeability, and adsorption of
the particles on the membrane surface starts to take
place. Eventually, at H = 0.64 £+ 0.02 the membrane
becomes “quasi-transparent”, in the sense that the
volume fraction of the particles inside the hydrophobic
membrane core, averaged over time, becomes equal
to their average volume fraction in the solvent. Further
increase of the hydrophobicity up to H = 0.72 reveals a
maximum of the membrane permeability for the par-
ticles and a subsequent decrease of the permeability
when H approaches 1.0. Figure 2a clearly shows that
the maximum permeability of the membrane for the
nanoparticles depends on the particle type. This is due
to different “polarization” M of the particles of different
types with the same average hydrophobicity H, as
shown in Figure 2d. The most polar, at H = 0.72,
particles of the type A3B,; are the most surface active;
thus there is a higher tendency to be adsorbed on the
membrane's surface (Figure 3a), which decreases the
permeability, determined as a translocation of free
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Figure 2. Relative permeability of the bilayer for nanoparticles versus their average hydrophobicity H (a—c). The amount of
particles inside the simulation box is denoted by the color of the lines: 36, blue; 72, green; 144, black; 288, red. The type of
particle is denoted by the shape of the symbols: A;B,, filled circles; A3B,, open triangles; A,B,, open circles; A,Bs, open
squares; thus the filled and the open symbols are used to better distinguish between homogeneous (A4B,) and amphiphilic
(AsB,, A;B,, and A;B3) nanoparticles. The data are normalized in such a way that the permeability is equal to 1.0 (this level is
shown by the plots with an additional black horizontal line), corresponding to the permeability of the membrane to the
solvent in the absence of particles. The image (d) shows the dependence of the particle polarization M on their average
hydrophobicity H.
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Figure 3. Probability of finding nanoparticles with average hydrophobicity H = 0.72 at various distances from the membrane
midplane in the case of 36 particles of different type (a) or in the case of different amounts of homogeneous particles
(b) (shown by the lines with symbols, designated in the same manner as in Figure 2). The red and blue lines without symbols

show the position of the phospholipid tails and heads.

particles from solvent on one side of the membrane to
the solvent on the other side. On the other hand the
least polar amphiphilic particles A;Bs are less surface
active, and the maximum of the permeability of the
membrane for them almost coincides with that for
homogeneous A4B, particles.

The second scenario of the system behavior with the
increase of H s illustrated by the snapshots in Figure 4.
In our simulations, in the explored range of parameters,
it was observed only for the homogeneous particles
(A4Bo) when their amount in the simulation box was
72 and larger. In this case the particles stay dissolved in
the solvent (Figure 4a) up to some hydrophobicity
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H.gg: at which point they aggregate with each other
(Figure 4b). This aggregation hydrophobicity was roughly
estimated as 0.59, 0.40 £ 0.05, and 0.30 £ 0.05 for the
cases of 72, 144, and 288 particles, correspondingly. It
can be seen from Figure 2c that the hydrophobicity, at
which the membrane permeability for the particles
becomes equal to that for the solvent, in this case
increases to the values 0.58 and 0.65 in the cases of 144
and 288 particles in the box. This happens because the
large aggregate, not able to penetrate through the
membrane as whole, plays the role of a local potential
trap for the particles at one side of the membrane. This
means that for a significant part of the time every
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Figure 4. Typical snapshots of the system with homo-
geneous nanoparticles of different hydrophobicity: (a) below
and (b) above the aggregation point, (c) after aggregate
internalization in the membrane, and (d) after the dissolution
of the aggregate in the membrane core.

particle in the box is inside the aggregate, and to
translocate through the membrane it first has to
escape from the aggregate and then translocate
through the bilayer. This leads to an effective decrease
of the membrane permeability for the particles (Figure 2).
Afurther increase of the particles' hydrophobicity leads
to the adsorption of the aggregate at the membrane
surface and its further internalization (Figure 4c) inside
the membrane core, with the transition happening
at about H = 0.72. A further increase of the hydro-
phobicity makes the nanoparticles indistinguishable
from the lipid tails, which leads to the dissolution
(Figure 4d) of the aggregate inside the membrane core
and to the homogeneous distribution of the particles
inside the core. One may notice as well from Figure 2b,c
that the aggregation of the particles shifts their per-
meability peak to higher values of H. This happens
because when such a hydrophobic aggregate is inter-
nalized inside the hydrophobic membrane core, there
appears an easier way for the particles to escape from
the aggregate via the membrane core.

The reason the aggregation scenario was observed
only for the homogeneous particles is that the amphi-
philic particles of the same average hydrophobicity
H have a lesser tendency to aggregate. So their aggre-
gation hydrophobicity H,gq turns out to be larger than
the adsorption hydrophobicity H,qs of the individual
amphiphilic particles on the membrane surface.

The most important outcome of our simulations is
the data on the influence of the nanoparticles on
the membrane permeability for solvent, presented in
Figure 5 and in Figure 6. It can be seen in Figure 5 that in
the presence of a sufficient amount of homogeneous
particles the membrane permeability for the solvent
increases sharply around H = 0.68. This hydrophobicity
corresponds to the point at which the aggregate,
formed by the particles, is at the point of internalization
inside the membrane. It causes significant disturbance
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Figure 5. Relative membrane permeability for the solvent
in the presence of 36, 72, 144, and 288 homogeneous
nanoparticles inside the simulation box versus the average
hydrophobicity of the particles. Coding of the lines is the
same as in previous figures.
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Figure 6. Relative membrane permeability for the solvent
in the presence of 144 homogeneous or amphiphilic nano-
particles of different types inside the simulation box versus
the average hydrophobicity of the particles. Coding of the
lines is the same as in previous figures.

of the membrane, facilitating the solvent molecules'
translocation through the bilayer in the vicinity of the
aggregate (Figure 7). At higher H, the aggregate is
stabilized inside the membrane core, and the mem-
brane permeability decreases. It even becomes slightly
lower than 1.0 when H = 1, due to the fact that the
particles dissolved inside the bilayer effectively in-
crease the thickness of the hydrophobic barrier as
the solvent molecules pass through the membrane.
These findings concur with our previous results for
polymer chains interacting with lipid bilayers,> where
we have considered homopolymer chains with mono-
mer units of relative hydrophobicity, H. Also for the
case of polymers with balanced hydrophobicity of the
monomer units we observe translocation events for
the chain close to Hp = 0.68, which corresponds to the
point of adsorption of the chain at the membrane's
core. Also, at this point the permeability of the mem-
brane with respect to the solvent is increased in an
area close to the adsorbed chain. The fact that the
relative hydrophobicity at the point of maximum
translocation/permeability is larger than H = 0.5 is
related with an insertion barrier for the chains and parti-
cles, which perturbs the self-organized phase of the lipids.
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Figure 7. Typical images of the cylindrical instant distri-
bution of the solvent (blue—pink—black gradient and equi-
distant level lines drawn with steps of 0.05) in the simulation
box with respect to the axis of the aggregate (shown with a
greenish-yellow color over the solvent distribution purple
gradient and thicker level lines), formed by homogeneous
nanoparticles at H = 0.68. In both cases all 144 particles,
presented inside the simulation box, form a single large
aggregate, which is (a) floating in the bulk of solvent or
(b) penetrating inside the bilayer. In the last case one can
see that the volume fraction of solvent inside the membrane
core around the aggregate is slightly larger; thus a prefer-
able path for solvent translocation through the bilayer is
created.

Despite a certain similarity between the results for
polymers and nanoparticles interacting with bilayers,
these objects have different sizes and structures.
Due to the connectivity of the monomers into a linear
chain, the polymer moves as one object, restricting
the translational entropy, while nanoparticles have no
internal structure and move independently. Thus, the
difference between the polymers would be the size of
the objects. The root mean squared radius of gyration
of a chain globule studied in refs 22 and 23 with 128
monomers at H = 0.7 was ~6.23a (corresponding to a
diameter of ~25 A assuming a hard-sphere density
distribution) and should be compared to the diameter
of the nanoparticles in this work, 6.1 A. In the case of
homogeneous nanoparticles one might think that the
aggregate as a whole corresponds best to a homo-
polymer globule in poor solvent. The absence of con-
nectivity between the nanoparticles as well as the
different geometry of the nanoparticles as compared
to statistical segments of the homopolymers can lead
to different reorganization dynamics close to the bilayer:
so far we did not observe any adsorption—translocation—
desorption event of the nanoparticle aggregates as for
polymer globules.?*?* However, longer time scales and
longer polymer chains would be necessary to con-
clusively compare nanoparticle aggregates to polymer
globules in terms of their translocation rate. We also
consider amphiphilic “polar” nanoparticles, while the
polymer chain discussed previously had uniform hy-
drophobicity. This polarization effect could be related
to copolymer-like behavior. This way the nanoparticles
mimic rather very short diblock copolymers.
Membrane permeability for solvent in the presence
of the 144 homogeneous nanoparticles A4Bo is compared
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Figure 8. Typical image of the cylindrical instant distribu-
tion of (a) nanoparticles and (b) the solventin the simulation
box with respect to the center of mass of all particles
presented in the system for the case of 144 nanoparticles
of type A,B, with relative hydrophobicity H = 0.68.

with the permeability in the presence of the same
amount of amphiphilic particles of types AsB,, A5B,,
and A;Bs in Figure 6. It can be seen clearly that the
presence of the amphiphilic particles also increases
the permeability of the membrane for solvent around
H = 0.68, but the increase is slightly higher and, more
importantly, takes place in a larger range of average
hydrophobicities, compared to the case of the homo-
geneous particles. This can be explained by the fact
that the amphiphilic nanoparticles do not form any
aggregates, being individually adsorbed at the mem-
brane surface. Thus, every adsorbed particle disturbs
the membrane surface in its vicinity, increasing the
local permeability for the solvent. This results in the fact
that the most surface-active A,B, particles (open circles
in Figure 6) significantly raise the membrane perme-
ability in the largest range of their average hydropho-
bicity H, while they are quite homogeneously dis-
tributed around the membrane surface and there is
no place on the membrane with a content of the
solvent much higher than in the rest of the bilayer
(Figure 8).

CONCLUSIONS

The interaction of amphiphilic nanoparticles with
controlled hydrophobicity and lipid bilayers is studied
using the bond fluctuation method. Translocation of
nanoparticles and permeability of the lipid bilayer
for small solute molecules have been studied for dif-
ferent levels of relative hydrophobicity of nanoparticles.
Hydrophilic nanoparticles do not translocate, and the
change in the permeability of the lipid bilayer for
solvent due to the presence of nanoparticles is negligible.
Hydrophobic particles aggregate in clusters. These
aggregates incorporate and dissolve into the hydro-
phobic core of the bilayer, which represents a deep
potential well preventing translocation. The correspond-
ing permeability of solvent is also small. However, there is
a narrow range of relative hydrophobicity where the
nanoparticles exhibit adsorption—desorption transition,
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characterized by significantly increased events of trans-
location through the bilayer and enhanced perme-
ability of solvent, while the associated damage to the
bilayer is reversible.

In the case of amphiphilic nanoparticles, composed
of hydrophobic and hydrophilic units, the region of

METHODS

The universality of self-assembled structures®” formed by
lipids and short block copolymers allows using coarse graining
models for the description of collective phenomena in lipid
bilayers.?® Elimination of some chemical details and a reduced
number of degrees of freedom in coarse-grained models speed up
computation significantly, but still capture qualitative features of
self-assembled structures and incorporate essential physics.>’

The bond fluctuation method?*>° with explicit solvent®' is
used to model self-assembled bilayers of lipids and their inter-
actions with nanoparticles. This is a well-established and widely
used theoretical method used to simulate various polymer
systems??~3° and lipid bilayers.?>?33%37 |t was shown that the
BFM accurately reproduces proper dynamical behavior of dense
polymer systems, polymer solutions, networks, copolymers, and
dendrimers. Muller et al3%3” have shown that the BFM model
can reproduce essential properties of lipid bilayers and can
address essential properties such as membrane fusion and pore
nucleation. We use the same model for lipid bilayers, which was
employed earlier to study the interaction between a polymer
chain and a lipid bilayer.?>*® Within this model each lipid
molecule is represented by 3 hydrophilic (H) and 10 hydro-
phobic (T) cubic monomers, joined with each other (Figure 1b)
and placed on a periodic cubic lattice of size 64a x 64a x 64a,
periodic in xy-directions, where a is the lattice size. The length of
the bonds between the monomers may fluctuate in the range
[2a...10"2q]. Explicit solvent molecules, represented by indi-
vidual H-monomers, fill in the free space on the lattice with a
volume fraction 0.5, which corresponds to a dense system in the
framework of the BFM.3' The interaction parameter o = 0.8kT
(Figure 1c) ensures a penalty for the contacts between the
H- and the T-monomers, thus forcing the self-assembly of the
phospholipids in the bilayer structure. Under such conditions
approximately 300 lipids are necessary to form an equilibrated
membrane parallel to the xy-facet of the simulation box.?*?*
When the lipids are preordered in a rough bilayer structure in
the middle of the simulation box in the initial state, the sufficient
relaxation time is about 1 million Monte Carlo (MC) steps, so we did
every simulation run 100 million MC steps long, which took about
2 cpu-days.

We consider four types of nanoparticles (A4Bo, A3B1, A;B5, and
A;Bs), representing different levels of hydrophobicity of nano-
particles. They are simulated as small tetrahedrons, composed
of monomers of two kinds, A and B (Figure 1b). The interactions
between A-, B-, T-, and H-monomers (Figure 1c) depend on two
additional parameters, 4 and eg. They are grouped into relative
hydrophobicities, Hy and Hg, according to
L]

En
— Hg =—

Ha = —,
€0 €0

0<Hg =Hx=1 (1)
Hence, if Ha = 0, A-monomers are hydrophilic and not distin-
guishable from H-monomers, while if Ha = 1, they are hydro-
phobic and identical to T-monomers. The intermediate values
of Ha correspond to intermediate hydrophobicity. The same
notation is used for Hg and B-monomers.

The nanoparticles can also be characterized by the average
relative hydrophobicity, H, and by the “polarization”, M, deter-
mined for the particles of type AB; by

i j i j
H=-H ~Hg, M =—-(Ha —H) —=(Hg —H),
2 A+4 B 2(A ) 2(5 )
0<HM=<1 (2)
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membrane activity inducing a higher solvent permeability
is broader. Thus, the use of amphiphilic nanoparticles may
be preferable in some applications, since it requires less
precision in identifying the transition point. In addition,
amphiphilic particles do not aggregate in solution; thus,
they are potentially less toxic and more soluble.

To maintain an unambiguous correspondence among H, Ha,
and Hg for nanoparticles of all types, we changed these param-
eters according to the procedure shown in Figure 1d. To change
the average hydrophobicity H of the particles from 0 to 1, we
first increase Hp from 0 to 1, at fixed Hg = 0, thus reaching a
maximum “polarization” of the amphiphilic particles at Hx = 1
and Hg = 0; then we increase Hz from 0 to 1, at the fixed Hy = 1.

The results are obtained in a series of simulations with 36 and
144 nanoparticles in the simulation box. For homogeneous
nanoparticles (A4Bo) additional calculations with 72 and 288
particles were performed. To compare the lipid membrane
permeability for nanoparticles with the permeability for the
solvent, we determine the permeability of the membrane for
the molecules of the specified type o as

No.

P =
YN

(3)

where N is the total amount of the o molecules inside the
simulation box and n is the number of translocation events of
such molecules through the bilayer during the time interval At.
The counting of the translocation events was performed in a
way slightly different from the one used in ref 22 in order to be
more accurate when the membrane is bent. Instead of calcula-
tion of the membrane position and the boundaries via aver-
aging over the whole simulation box, the local boundaries of
the bilayer were calculated and used in the present work to
determine the translocation events, as follows: the xy-facet of
the simulation box was divided into regions of size 8 x 8, and
the local positions of the bilayer center were calculated as z = (z),
where the averaging was performed over all lipid monomers in
the given region. Also the total amount of lipid monomers in
every region and the full thickness of the membrane 20, were
calculated (0,? = (z%) — 2%). Then the regions where the amount
of lipid monomers was less than 30% of average were marked as
occupied by “pores”, while the rest of the regions were used to
determine the average full thickness of the membrane 25,.
Finally, the center z,, of the membrane at the point (x,y) was
approximated by the linear interpolation between the closest
“nonpore” regions, and the membrane boundaries at that point
were approximated as z,,; = z,, & &, for calculations of the
solvent permeability, and as z,,.. = z,, & 35, for calculations of
the nanoparticle permeability. Larger boundaries of the mem-
brane for the calculations of its permeability for the nanopar-
ticles are necessary because, in the case of fully hydrophobic
particles, such particles are entrapped inside the membrane
core, and, oscillating inside such a potential well, they are able
to trespass the boundaries intensively when the boundaries are
too narrow, thus producing a huge result for permeability, which
should be considered as an artifact of the calculations. On the
other hand, too wide boundaries of the membrane, when used for
the calculations of the membrane permeability for solvent, may
unnecessarily exclude some events of the solvent molecules'
translocation through the bilayer, thus suppressing the measured
values of the permeability. Note also that the shapes of nanopar-
ticle aggregates are fluctuating, and although artifacts as described
above can be reduced efficiently using a good compromise for the
thresholds z,,.., they cannot be completely excluded.
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