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ABSTRACT: The formation of membrane nanopores is one of
the crucial activities of cells and has attracted considerable
attention. However, the understanding of their types and
mechanisms is still limited. Herein, we report a novel nanopore
formation phenomenon achieved through the insertion of
polymeric nanotoroids into the cellular membrane. As revealed
by theoretical simulations, the nanotoroid can embed in the
membrane, leaving a nanopore on the cell. The through-the-cavity i SR
wrapping of lipids is critical for the retention of the nanotoroid in Embedded nanotorold
the membrane, which is attributed to both a relatively large inner

cavity of the nanotoroid and a moderate attraction between the nanotoroid and membrane lipids. Under the guidance of the
simulation predictions, experiments using polypeptide toroids as pore-forming agents were performed, confirming the unique
biophysical phenomenon. This work demonstrates a distinctive pore-forming pathway, deepens the understanding of the membrane
nanopore phenomenon, and assists in the design of advanced pore-forming materials.
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C ellular material transport between cells and surroundings membrane channels.'®' In contrast, in the physical category,
is critical for regulating life activities, decoding cell nanopores are generated by physical mechanisms, such as
function, and controlling cell fate and identity.l_4 Penetration electroporation, thermal treatments, and nanoneedles.”’”*! In
and endocytosis are common routes for material transport. In physical nanopore formation, nanopores are generated by
addition, membrane nanopores formed by proteins act as remodeling the membrane bilayer and forming transient
transport channels between cells and the external matrix for discontinuities on the cell membrane.” For example, nano-
diverse cargoes.s_8 In particular, sub-micrometer materials can needles are capable of squeezing the membrane bilayer under
be delivered into cells more rapidly through membrane external force to create nanopores in the cellular membrane.””
nanopores than through other uptake pathways.9 Membrane However, the mechanism behind pore-forming behaviors is
nanopores are crucial in cellular lifetimes. not yet well-known. There is a lack of fundamental

According to the features of nanopore formation, cellular understanding of this important cellular activity. In addition

to those mentioned above, it is not clear whether other
nanopore-forming mechanisms exist. Further investigations are
needed to obtain deep insights into the formation of nanopores
on the cellular membrane.

Herein, combining theoretical simulations and experimental
studies, we report a novel pore-forming phenomenon in cells
that is generated by the insertion of nanotoroids into the
cellular membrane. Coarse-grained molecular dynamics
(CGMD) simulations revealed that nanotoroids with a

pore-forming behaviors can be divided into two categories:
biochemical and physical.>” In biochemical nanopore for-
mation, special biochemical materials, typically pore-forming
proteins (PFPs), embed on the membrane bilayer via
biochemical interactions and further assemble into toroids to
form cellular nanopores.'”~'* Depending on the types of the
PFPs, the diameter of the formed membrane pores varies from
several nanometers (e.g, 1 nm for aerolysin and 3 nm for
lysenin) to tens of nanometers (e.g,, 25 nm for pneumolysin
and 25-30 nm for cholesterol-dependent cytolysins).'*~"°

Some amphiphilic peptides and surfactants can also form Received:  April 2, 2021
nanopores on the cellular membrane in a similar embedding— Revised:  September 1, 2021
assembling manner.'” Additionally, nanopores can be Published: October 8, 2021

generated by the uptake of some nanostructures in the cellular
membrane. For example, when carbon nanotubes are taken up
in the membrane, their tubular structures act as trans-
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Figure 1. Simulations of the insertion and pore-forming behavior of nanotoroids on the membrane. (a) Coarse-grained models used in the
simulations. The plasma membrane was constructed by receptors and lipids. The nanotoroid was constructed by surface beads (green) with ligands
(red). Black and blue arrows show R and r, respectively. (b) Representative snapshots of the pore-forming behavior of a nanotoroid (p = 1.5, &, =
4k, T). To show the structure of the membrane nanopore clearly, the nanotoroid was cut across in the final snapshot. (c) Wrapping ratio of the
nanotoroid 7,4 and the slope angle between the nanotoroid and membrane plane ¢. (d) Wrapping ratio of the inner and outer areas of the
nanotoroid. An illustration of the inner and outer areas of the nanotoroid surface is shown in the inset.

relatively large inner cavity and moderate attraction with
cellular lipids were preferentially retained in the cellular
membrane, creating a nanopore. This unique pore-forming
behavior was further confirmed by experimental observations
using polypeptide toroids as pore-forming agents.

B RESULTS AND DISCUSSION

Pore-Forming Behavior of Nanotoroids on the
Cellular Membrane. In this work, coarse-grained molecular
dynamics (CGMD) simulations were performed.”>”*" A
simulation system containing a ligand-decorated nanotoroid
and a plasma membrane was constructed. The models are
illustrated in Figure la. The nanotoroid was constructed from
randomly distributed coarse-grained beads. Half of the beads
were hydrophobic beads, and the other half were set as ligands.
The size of the nanotoroid was characterized by the radius of
the nanotoroid, R (fixed at 120 in simulations; o is the length
unit in the simulations), and the radius of the nanotoroid
cavity, r (varied from 26 to 8¢ in simulations). The aspect ratio
of the nanotoroid is defined as p = R/r, where a larger p value
means a smaller cavity. Three kinds of nanotoroids (p = 6, 2,
1.5) were examined in the simulations. The plasma membrane
was composed of phospholipids. As illustrated in Figure 1a, the
lipids were coarse-grained, consisting of three beads connected

by harmonic bonds. The one head bead was hydrophilic, and
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the two tail beads were hydrophobic.’®™** Half of the lipids
were receptors that can bind to the ligands. The strength of
attraction between the membrane receptor and nanotoroid
ligand (g;,,) was 2—S k,T, which is an appropriate range for
ligand—receptor interaction.”* Detailed information regarding
the models can be found in Sections 1.1 and 1.2 of the
Supporting Information.

The cellular uptake of these nanotoroids under various
conditions was then studied. Interestingly, we found that stable
membrane nanopores could be generated by a nanotoroid with
p = 1.5 under ¢, = 4.0 k, T. Since stable nanopores are formed
on the cellular membrane, such a phenomenon could be
classified as cellular pore formation. The results are presented
in Figure 1b, which depicts a top view and a side view of the
pore-forming behavior. Videos of the pore-forming behavior of
the nanotoroid are provided in the Supporting Information.
After the initial contact, the nanotoroid exhibited a “lying-
down” entry posture and was gradually wrapped by the lipids.
Meanwhile, the membrane became curved. Due to the
interaction between the membrane receptors and the ligands
located within the nanotoroid cavity, the lipids were driven to
cover the nanotoroid cavity. Both the outer surface and the
inner cavity of the nanotoroid were finally wrapped by the
lipids. To gain insights into the pore-forming process, we
defined the evolutionary wrapping ratio of the nanotoroid,
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Figure 2. Variation in membrane disruption induced by the insertion of nanotoroids. (a—c) Distribution variation of the head-to-tail vectors of
lipids in the pore formation process. The times are (a) 07z, (b) 65007, and (c) 500007. (d—f) Sliced view of the lipid areas along the arrow
directions in (a—c). (g—i) Density profiles of lipid particles along the colored arrows in (a—c).

Nioroia (denoting engulfment by lipids), and the orientation
angle between the nanotoroid and the membrane plane, ¢ (the
definition of ¢ is shown in the inset of Figure lc). Figure lc
shows the variation in #,,;q and ¢ with time. In the cellular
uptake process, #oiq increases while ¢ decreases. After #,o4iq
reaches 1.0 at (1 X 10%)7, ¢ is stable at approximately S°,
indicating that the nanotoroid is almost parallel to the
membrane plane. The nanotoroid stays in the membrane
instead of being endocytosed. By careful examination, we
found that the lipids wrapped through the cavity merged with
the lipids outside the nanotoroid. The fusion of the two parts
of the membrane resulted in the nanotoroid being localized
stably in the membrane. The finding of nanotoroid-induced
membrane nanopores indicates a biophysical phenomenon for
cellular internalization: i.e., insertion of a nanotoroid in the
cellular membrane. Such a phenomenon is based on a novel
uptake behavior that is different from typical endocytosis
behavior. In a typical endocytosis process, the nanoparticles are
first wrapped by lipids and then the wrapped nanoparticles
detach from cellular membrane into the cell,"** while in the
present system, the wrapped toroids stably retain on the
cellular membrane, leaving nanopores.

To better understand this pore-forming process, we marked
the inner and outer areas of the nanotoroid by bisecting its
surface area and calculated the evolutionary wrapping ratio of
both the inner (;,,.,) and outer areas (#,,.,). The results are
presented in Figure 1d (see the inset for the definition of the
inner and outer areas). At the beginning, due to the initial
contact between the nanotoroid and the membrane, 77, was
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approximately 0.05 while 7., was 0. As the wrapping
continued, the nanotoroid gradually laid down on the
membrane surface. At this time, 7y, was larger than 7;,,..
When the lipids began to wrap through the nanotoroid cavity,
Ninner increased rapidly and then became greater than 7y,
Finally, both the inner and outer areas were engulfed
completely. Due to this unique through-the-cavity wrapping
mechanism, the nanotoroid is inserted into the membrane.
Additionally, we examined the effect of the distribution manner
of the ligands on cellular uptake (see Figure S7). Three types
of distribution manners for the nanotoroids were studied:
namely, outside, inside, and spaced. It was found that the
inside and spaced types of nanotoroids can both exhibit pore-
forming behavior, while the outside type of nanotoroid cannot
be fully wrapped, indicating that the existence of ligands on the
inner surface area of the nanotoroid is critical for lipids to pass
through the cavity of the nanotoroid as well as for the
formation of membrane nanopores.

Because the embedded nanotoroid causes interference with
the cell membrane, membrane disruption by the pore
formation of the nanotoroid was accordingly investigated.
We examined the membrane disruption in terms of variation in
lipid distribution and orientation. The head-to-tail vectors of
lipids from the top view (Figure 2a—c) and the sliced view
(Figure 2d—f) were used to characterize the distribution and
orientation of the lipids. The planar bilayer structure was
altered to encapsulate the nanotoroid. The bilayer membrane
showed a shape change when the pore structure was formed.
To gain insight into the distribution changes of the lipids, the
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density profiles of lipid particles along the diameter of the
toroid were plotted. As shown in Figure 2g—i, the density
distribution changed due to the uptake of nanotoroids. Peaks
represent the aggregation of lipids, while valleys represent the
escape of lipids. This indicates that lipids accumulated on the
nanotoroid surface and formed a channel within the
nanotoroid cavity. More information about the membrane
change in the pore-forming process can be found in Section 1.8
of the Supporting Information.

The effects of the receptor—ligand binding strength &, and
the nanotoroid aspect ratio p on the cellular uptake process
were then examined (see Figures S2 and S3 for more
information). To systematically elucidate the uptake pathways
of nanotoroids, a two-dimensional diagram in the space of &,
and p was constructed on the basis of the obtained data. As
shown in Figure 3a, three interaction pathways were identified:
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Figure 3. Effects of receptor—ligand binding strength and aspect ratio
of nanotoroids on cellular uptake behavior. (a) Cellular uptake
pathway diagram in the space of p and &;,.. Regions corresponding to
different pathways are shown in different colors. Abbreviations: E,
endocytosis; W, wrapping; P, pore-forming. Typical snapshots of the
three pathways are shown on the right of the figure. (b) Binding
energy between the nanotoroid (p = 1.5) and the membrane as a
function of the wrapping ratio. Ej,y.p represents the energy barrier
for pore formation. Ey, g represents the energy barrier for
endocytosis. The colored area shows the pore-forming region.

namely, wrapping (denoted by W), endocytosis (denoted by
E), and pore-forming (denoted by P). At lower &, values (see
the bottom region), the membrane—nanotoroid interaction is
weak, giving rise to the wrapping pathway. At lower p values
(see the left region), the nanotoroids cannot be fully wrapped.
Larger values of ¢;,, and p favor the endocytosis pathway (see
the top and right regions). Nanotoroids with moderate &,
values and relatively large p values exhibit a pore-forming
pathway. The pore-forming region is between the endocytosis
region and the wrapping region (see Figures S4 and S5 for
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more information), where p ranges from 1.3 to 1.5 and &,
varies from 3.5k,T to S5.0k,T. Detailed information can be
found in Section 1.5 of the Supporting Information.

To deepen the understanding of the formation mechanism
of membrane nanopores, the bending energy of the membrane
(Emem) and the binding energy between the nanotoroid and
the membrane (E,;,q) were calculated (see Section 1.9 of the
Supporting Information for detailed information).”>™** We
take nanotoroids with p = 1.5 as an example to examine the
critical energy for pore-forming behavior. Due to possible
membrane rupture, the nanotoroid must overcome the
bending energy and the energy required for membrane rupture
to translocate through the membrane. The bending energy for
a fully wrapped nanotoroid can be considered the energy
barrier for pore formation (Ep, . p). The value of &, for pore
formation was found to be marginally smaller than 4.1k, T (see
Figure S10). Therefore, Ey;,4 at &, = 4.1k, T can be considered
the energy barrier for endocytosis (Ep,pies). As shown in
Figure 3b, we consider the nanotoroid with p = 1.5 and &,
values of 3k, T, 4k, T, and S k;, T, which correspond to the three
membrane—nanotoroid interaction pathways: wrapping, pore-
forming, and endocytosis, respectively. For &, = 3k,T, the
binding energy, Ey;,q is smaller than Ej . p, so that only
wrapping occurs. For the medium ¢, value (&, = 4,T), the
binding energy is larger than Ej,p but is insufficient to
overcome the energy barrier for endocytosis, Ey,yerr (pore-
forming behavior can be observed). When ¢, increases to
5k,T, the Ey;q value is large enough to overcome Eyierr,
leading to complete endocytosis.

In addition, the energy changes as a function of the aspect
ratio p were examined. As shown in Figures S11 and S12, a
larger p value causes a larger Ey;,q value (the nanotoroid has
more ligands due to a larger surface area) and a smaller E,
value (B, is size-dependent). Moreover, nanotoroids with a
large p value are not helpful for lipids to pass through the
cavity due to space limitations. As a result of the interplay of
these facts, nanopore formation is not favorable. With respect
to a small p value, a nanotoroid with a large cavity is beneficial
for lipid rearrangement to form a nanopore. These simulation
results stress the point that membrane nanopores can be
induced by adjusting the nanotoroid—membrane interaction
and the aspect ratio of the nanotoroids.

Experimental Observations of Nanopore Formation
on the Cellular Membrane. According to the simulation
results, nanotoroids have the ability to create membrane
nanopores. To experimentally verify the prediction, we
prepared a set of aggregates, including toroids and spheres,
by assembling poly(y-benzyl-L-glutamate) (PBLG)* ™" and
then examined their cell internalization into SMMC-7721 cells
(detailed information on the preparation can be found in
Sections 2.1 and 2.2 of the Supporting Information).
Polypeptide aggregates usually have strong interactions with
the cellular membrane due to both specific binding interactions
(amino acids and polypeptides can act as ligands to bind
membrane lipids) and nonspecific binding interactions (for
example, hydrophobicity, roughness, and other surface
characteristics can promote cellular contact and uptake).***
The morphologies of these aggregates characterized by
scanning electron microscopy (SEM) are presented in Figure
4a—d. The toroids with a small cavity (p = 6.1 + 0.6) are
denoted by toroid-1, the toroids with a moderate cavity (p =
4.1 + 0.3) are denoted by toroid-2, and those with a large
cavity (p = 1.8 + 0.1) are denoted by toroid-3. Spherical
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Figure 4. Experimental observations for the toroid-induced membrane nanopores. (a—d) SEM images of polypeptide spheres, toroid-1, toroid-2,
and toroid-3, respectively. (e) TEM image of polypeptide toroid-3. (f) Hydrodynamic radii of polypeptide spheres, toroid-1, toroid-2, and toroid-3.
(g—k) SEM images of cells incubated with polypeptide spheres (g), toroid-1 (h), toroid-2 (i), and toroid-3 (j, k). The red arrows indicate the
position of the polypeptide aggregates. A cryo-SEM image is shown in the inset of Figure 4j. In (k), the membrane lipids across through the cavity
of toroid-3 can be seen. (1) Pore-forming simulation snapshot at 60007. Scale bars: S00 nm in (a—e), (g), and (h); 200 nm in (i—k) and inset of (j).

micelles were used as a comparison. The toroidal structures
were also characterized by transmission electron microscopy
(TEM). A representative image for toroid-3 is shown in Figure
4e. The hydrodynamic radius of these aggregates is shown in
Figure 4f. The result indicates that all of these aggregates have
a radius of approximately 130 nm. Details on the experimental
information are available in sections 2.3 and 2.4 of the
Supporting Information.

The internalization of aggregates usually causes changes in
cell membrane morphology, which can be captured by SEM
images.*~*” Figure 4g—j shows the membrane surface of cells
incubated with polypeptide aggregates. After 2 h of incubation,
no membrane nanopores were observed for the sphere, toroid-
1, and toroid-2 systems, which are consistent with the
simulation predictions (for the details of the simulations, see
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section 1.6 of the Supporting Information). However,
membrane nanopores induced by toroid-3 can be clearly
observed (see Figure S1S for more images). To eliminate the
influence of drying on SEM sample preparation, a cryogenic
scanning electron microscopy (cryo-SEM) observation was
performed. The nanotoroid-induced membrane nanopore can
also be captured by cryo-SEM (see the inset of Figure 4j). The
size of the membrane pores reached hundreds of nanometers,
which is consistent with the size of the toroid cavity. The
membrane nanopores are identified by the appearance of a
penetrating area in the cavity of the toroids. It should be noted
that, as illustrated in Figure 4k, a part of the nanotoroid was
covered by the membrane, and the whole nanotoroid could not
be observed, showing the progress in the embedding of the
nanotoroid into the membrane. This observation is quite
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Figure S. Cellular uptake behavior and cell cytotoxicity of polypeptide nanotoroids. (a—d) CLSM images of cells upon incubation with PBS,
polypeptide spheres, toroid-1, and toroid-3. Confocal microscopy images portraying cell nuclei are shown in blue and polypeptide aggregates in
green. (e) Profiles of the fluorescence intensity of spheres, toroid-1, toroid-2, and toroid-3 as a function of time, which were measured by flow
cytometry and quantified from CLSM observations. (f, g) Confocal microscopy images portraying the cytoskeleton in red (f) and polypeptide
toroid-3 in green (g). (h) 3D overlay image of cells after incubation with polypeptide toroid-3. (i) Cell viability after incubation with different
polypeptide aggregates at various concentrations for 6 h. Scale bars: 30 ym.

consistent with the membrane nanopore formation process
predicted by our simulations (see Figure 41).

In addition to SEM, confocal laser scanning microscopy
(CLSM) analysis can provide in vitro evidence for the pore-
forming phenomenon. The interplay between the polypeptide
aggregates and the cell membrane was examined. Cell nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI, blue
fluorescence), while the cell cytoskeleton was stained with
phalloidin (red fluorescence). The green fluorescence
represents FITC-labeled polypeptide aggregates. As shown in
Figure Sa—d, in comparison with the control group incubated
without aggregates, green fluorescence could be observed
around the membrane surface. The sphere, toroid-1, toroid-2,
and toroid-3 had different uptake efficiencies; that is, these
types of aggregates exhibited different fluorescence intensities.
Figure Se shows a quantitative characterization of the
internalization process. Clearly, the polypeptide aggregates
rapidly entered cells during the first 4 h, and then the rate
gradually slowed down. Note that spheres exhibited the most
efficient cellular uptake, followed by toroid-1, toroid-2, and
toroid-3, which is consistent with simulation results (see
Section 1.6 of the Supporting Information). This result shows
that toroid-3 is difficult to take up under the present conditions
and that the polypeptide toroids with small p values mainly
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accumulate around the membrane surface and exhibit pore-
forming behavior.

Additionally, the specific interplay between toroid-3 and the
membrane is illustrated in Figure 5f,g. The green fluorescence
(toroid-3) and red fluorescence (cell cytoskeleton) overlap,
which confirms that toroid-3 inserts into the cell membranes. A
CLSM 3D overlay image of cells upon incubation with toroid-3
for 6 h is shown in Figure Sh. As seen in the figure, the toroids
were located around the membrane surface. By a combination
of the CLSM images in Figure 5 and SEM observations in
Figure 4, the toroid-induced membrane nanopores are verified.
In addition to SMMC-7721 cells, the pore-forming behaviors
of the toroids were also observed for HeLa cells, which
indicates the universality of the toroid-induced membrane
nanopores (see Section 2.6 of the Supporting Information).

From these experiments and simulation predictions, we
learned that all the particles used in this work, i.e., toroid-1,
toroid-2, toroid-3, and spheres, can interact with the cellular
membrane. However, due to the structural characteristics, the
uptake behaviors of these particles exhibit differences. Toroid-3
with a large inner cavity stably remains on the cellular
membrane, leaving membrane nanopores, while toroid-1,
toroid-2, and spheres can be completely endocytosed into
the cell and no cellular membrane nanopores can be induced.
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In view of the fact that the formation of membrane
nanopores by the toroids-3 has been confirmed by SEM and
cryo-SEM observations, the formation of membrane nanopores
may damage cells due to cytosol leakage,™ affecting cell
activity. Thus, cytotoxicity tests for PBLG spheres, toroid-1,
toroid-2, and toroid-3 were performed to support the proposed
mechanism and examine the effect of the pore-forming
behavior on cell viability (Figure Si). Since spheres, toroid-1,
and toroid-2 cannot induce cellular nanopores, they were
expected to exhibit negligible effects on cell viability, which was
verified by cytotoxicity studies. As shown in Figure 5i, spheres,
toroid-1, and toroid-2 exhibited negligible effects on cell
viability at concentrations between 0.1 and 1 g/L. Toroid-3 is
able to induce cell nanopores, and it was found that its
cytotoxicity depended on the concentration. At 0.1 g/L,
toroid-3 exerted slight toxicity on cells. Note that this
concentration was slightly higher than that applied in the
pore-forming studies (0.09 g/L). Therefore, at a concentration
of 0.1 g/L, toroid-3 readily induced cellular nanopores but
exerted a minor effect on the viability of the cells. Increasing
the concentration decreased cell viability. For the system
incubated with toroid-3 at a higher concentration of 1.0 g/L, a
17% decrease in cell viability was observed. The increased
cytotoxicity of toroid-3 to cells was presumably related to the
formation of excessive nanopores, rendering it difficult for the
cells to maintain normal activity. The above studies further
support the existence of toroid-induced nanopores, and the
viability of cells with nanopores could be maintained at
appropriate toroid concentrations.

In this work, we found a cellular pore-forming phenomenon
induced by the insertion of nanotoroids in the membrane. In
the pathway, membrane lipids wrap through the cavity of the
nanotoroid and merge with the lipids outside the nanotoroid,
leaving a stable nanopore on the cell. Such a nanotoroid-
induced pore-forming pathway is different from that of PFPs,
in which the PFPs usually embed in the membrane and
assemble into nanopores. This work expands the research
scope of cellular uptake and deepens the understanding of
nanoparticle—cellular membrane interaction mechanisms. The
information gained could promote advances not only in pore-
forming technology but also in related nanomedicines and
diagnostics.

B CONCLUSION

In summary, we discovered an insertion and pore-forming
pathway of nanotoroids on the cellular membrane. CGMD
simulations showed that membrane lipids could wrap through
the inner cavity of the nanotoroid, and the nanotoroid would
stay inside the membrane, creating a nanopore. The pore-
forming ability of the nanotoroid can be regulated by both the
geometric parameters of the nanotoroid and the membrane—
nanotoroid interaction. Under moderate nanotoroid—mem-
brane interactions, a nanotoroid with a relatively large cavity
can exhibit pore-forming behavior. The simulation predictions
were well confirmed by in vitro experimental studies on a
system containing polypeptide nanotoroids and living cells.
This study revealed a novel pore-forming phenomenon with a
unique mechanism, which can assist in the design of advanced
pore-forming materials and the development of nanopore

technology.
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