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Abstract

Highly stable and stimuli/pH-responsive ultra-small polymer-grafted nanobins (usPGNSs) have
been developed by grafting a small amount (10 mol %) of short (4.3 kDa) cholesterol-terminated
poly(acrylic acid) (Chol-PAA) into an ultra-small unilamellar vesicle (uSUV). The usPGNs are
stable against fusion and aggregation over several weeks and exhibit over 10-fold enhanced cargo
retention in biologically relevant media at pH 7.4 in comparison with the parent uSUV template.
Coarse-grained molecular dynamics (CGMD) simulations confirm that the presence of the
cholesterol moiety can greatly stabilize the lipid bilayer. They also show extended PAA chain
conformations that can be interpreted as causing repulsion between colloidal particles, thus
stabilizing them against fusion. Notably, CGMD predicted a clustering of the Chol-PAA chains on
the lipid bilayer under acidic conditions due to intra- and interchain hydrogen bonding, leading to
the destabilization of local membrane areas. This explains the experimental observation that
usPGNs can be triggered to release a significant amount of cargo upon acidification to pH 5. These
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developments put the lipid-bilayer-embedded Chol-PAA in stark contrast to traditional
poly(acrylic acid) systems where the molar mass (M,;) of the polymer chains must exceed 16.5
kDa to achieve stimuli-responsive conformation changes. They also distinguish the small usPGNs
from the much-larger polymer-caged nanobin (PCN) platform where the Chol-PAA chains must be
covalently crosslinked to engender stimuli-responsive behaviors.
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Over the last decade, the utility of liposomal platforms in bio-nanotechnology has been
greatly expanded through integration with a broad range of functional moieties, such as
polymers, oligonucleotides, peptides, proteins, chelators, imaging agents, and small
molecule drugs. Together with their excellent biocompatibility, easy accessibility, and
tunable size distributions,2-8 such functional incorporation has indeed enabled many
promising applications in therapeutics,1:6-8 diagnostics,1:9-11 and assembly.3-5 For example,
the encapsulation of liposomal cores by stimuli-responsive polymer shells has transformed
these highly biocompatible nanostructures into smart drug delivery platforms that can
release bioactive payloads at a target site.” However, the relatively large sizes
(hydrodynamic diameter (D) > 50 nm) of liposomes are still of concern for in vivo
applications as they may result in poor particle penetration into target organs and tissues.
12-13 Indeed, particles in the 15-50 nm Dy range have been reported to be preferable for
delivering therapeutics to hypovascularized cancers (e.g., pancreatic cancer),13 mediating
therapeutic transport across the blood-brain barrier,14-15 carrying medicine transdermally,16
and selectively targeting lymph nodes in vaccination.1’

From a materials perspective, liposomes that are < 50 nm in diameter, henceforth referred to
as ultra-small unilamellar vesicles (uSUVs),18 are quite challenging to handle given their
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poor colloidal stability.19-21 The highly strained, acute membrane curvature of these uSUVs
often leads to a loose, disordered packing of the lipid molecules in the bilayer,22 which in
turn facilitates payload leakage, inter-particle fusion, and lipid membrane aggregation.
19-20,23-24 \\hile several steric?® and electrostatic®24 modification strategies have been
attempted to improve the colloidal stability of uSUVs, the results have not been satisfactory:
long-term colloidal stability remains low in biological media and there is still significant
payload leakage. Prompted by our recent success in using grafted oligonucleotides to
electrostatically stabilize uSUVs,8 we hypothesized that uSUVs can be similarly stabilized
with negatively charged poly(acrylic acid) grafts.26 Most importantly, such grafts should
endow the uSUVs with a stimuli-responsive function that is essential for a smart delivery
platform.

Herein, we report the successful synthesis of ultra-small polymer-grafted nanobins2’
(usPGNs), a family of stable, stimuli-responsive polymer-grafted uSUVs that undergo
triggered payload release in response to pH changes. Grafting a small amount (10 mol %) of
short (~4.3 kDa) cholesterol-terminated poly(acrylic acid) (Chol-PAA) chains onto the
membranes of uSUVs, made from lipids with a broad range of phase transition temperatures,
dramatically enhances their long-term colloidal and membrane stability in biologically
relevant media (pH 7.4, 20 mM HEPES and 150 mM NacCl). The cholesterol moieties of the
grafted Chol-PAA polymers greatly increase the stability of the lipid-bilayer membranes
post-insertion, as verified by coarse-grained molecular dynamics (CGMD) simulations.
CGMD modeling additionally supports the notion that electrostatic repulsion, generated by
the negatively charged carboxylic acid moieties of the embedded Chol-PAA chains, may be
responsible for preventing lipid membrane fusion and aggregation. Notably, the stable lipid
bilayer membrane of usPGNs can readily be destabilized by the grafted Chol-PAA shell
upon mild acidification (pH 5.0), allowing for the spontaneous release of encapsulated
cargo. Such destabilization was shown by CGMD simulations to occur through an acid-
induced clustering of Chol-PAA chains on the lipid bilayer. Together, these biophysical
insights strongly advocate for the use of stimuli-responsive polymer grafts to convert uSUVs
into a highly promising class of “smart” nanocarriers for many applications.

Enhanced colloidal and membrane stability of uSUVs via Chol-PAA polymer

grafting

To evaluate the potential of Chol-PAA polymer grafts to stabilize a broad range of uSUVs,
we synthesized these templates from three different lipids with a broad range of phase-
transition temperatures (Tp,’s): 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) (T, = 41, 24, and -17 °C, respectively). As both DPPC and DMPC
have Tp,’s that are higher than rt (20-22 °C), their uSUVs formulations are known to be less
stable below this temperature range 1%-21 and thus can be stabilized the most by polymer
grafting. In a typical experiment, uSUVs with a diameter of ~25 nm were prepared from
each of the three lipids using a modification of a published protocol?® (Supporting
Information (SI), Section S2). The as-prepared uSUVs were then grafted with 10 mol % of
Chol-PAA (M,, = 4,300 Da, DP = 50, dispersity (£) = 0.12) following our previously

J Phys Chem Lett. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong et al.

Page 4

reported “drop-in” method (Figure 1a).26 Consistent with successful polymer grafting, the
Dy’s of the resulting usPGN increases by ~10 nm in comparison to those of the parent
uSUVs; the zeta (C) potentials of the usPGN also become significantly more negative (—45
+ 3 mV). Cryo-transmission electron microscopy (cryo-TEM; S, Figure S2) images show
that Chol-PAA insertion does not perturb the spherical morphology of the parent liposomal
nanoparticles. As controls, we also synthesized two non-charged PEGylated DPPC-uSUVs
by adding the appropriate PEGylated lipid (PE-PEG,q0p and PE-PEG3000)28 into the DPPC-
SUV synthesis.2

Consistent with our hypothesis, the Dy’s of our DPPC- and DMPC-derived usPGN
formulations (DPPC-usPGN and DMPC-usPGN, respectively) remained constant upon
being stored in HEPES-buffered saline (HBS, 20 mM HEPES, 150 mM NaCl, pH 7.4) at
either 4 °C or rt for over one month after preparation (Figure 1b—d; Sl, Figure S3), indicating
excellent colloidal stability. In stark contrast, the corresponding parent DPPC- and DMPC-
uSUVs readily degraded under the same conditions: large flocculants and aggregates were
observed within a couple of days after preparation (Figure 1b—d; see also Sl, Figure S3).
This is consistent with previously reported observations,1%-20-23 and had been attributed to
the fact that the high-curvature lipid bilayers in these uSUVs fuse more easily at
temperatures < the T,,’s of DPPC and DMPC, resulting in aggregation.

As hypothesized in the introduction to this paper, the dramatically enhanced colloidal
stability of our DPPC- and DMPC-usPGNs may be a consequence of extensive charge-
repulsive stabilizations similar to those existing in liposomal spherical nucleic acid (LSNA).
8 This is supported by the large negative shift in the C potential of the lipid nanoparticles (to
-45 + 3 mV from a virtually neutral =3 = 3 mV) after Chol-PAA insertion, which makes the
usPGLs repel each other and prevent their fusion and aggregation, as predicted by the
Derjaguin-Landau-Verwey-Overbeek theory.39 Also consistent with our hypothesis is the
observation that PEGylation, which has commonly been used to colloidally stabilize
nanoparticles,31-32 did not completely prevent fusion and aggregation of the control non-
charged PEGylated DPPC-uSUVs, as previously reported for particles with high-curvature
lipid bilayers.33 While slower to fuse compared to the parent uSUVs, these PEGylated
formulations also increased in size after synthesis (S, Table S1) with relatively rapid
aggregation and visible flocculent formation (SI, Figure S6). Together, these observations
suggest that electrostatic stabilization via post-synthesis Chol-PAA grafts is a much more
effective strategy for achieving colloidal stability of uSUV than stabilization through
PEGylation.

In addition to good colloidal stability, DPPC- and DMPC-usPGNs also showed much less
cargo leakage than did unmodified DPPC- and DMPC-uSUVs. When being stored at 4 °C, a
temperature that is below the Tp,’s of both DPPC and DMPC, calcein-loaded DPPC- and
DMPC-usPGNSs exhibited <4% leakage over a one-month period. In contrast, the
corresponding uSUVs displayed significant leakage (54 and 42% for DPPC- and DMPC-
uSUVs, respectively; Figures 1e and 1f) under the same conditions. Presumably, cargo
leakage from these uSUVs can be attributed to their tendencies to rupture, fuse, and
aggregate at this low temperature.
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While DOPC-derived uSUVs are already quite stable at temperature > T, (Figure 1d), the
stabilizing effect afforded by the cholesterol moiety1924:34 in Chol-PAA grafting (Figure 2a)
is still quite significant upon examinations of dispersity data. The DOPC-usPGN remained
much more monodispersed over a month of storage at both 4 °C and rt in contrast to the
DOPC-derived uSUVs (SI, Figure S4). In addition, the Chol-PAA grafts also greatly reduced
calcein cargo leakage from DOPC-usPGN, with <5% cargo leakage over 1 month of storage
at 4 °C in comparison to 30% of leakage for the parent uSUVs (Figure 1g). The leakage of
calcein from the latter is likely due to its diffusion through membrane defects,22 which are
more abundant as liposome size decreases.

Destabilization of the lipid bilayer membrane of usPGNs under acidic

conditions by short Chol-PAA polymers

As previously reported,’3° the carboxylic acid group of PAA chains are ionizable and can
readily associate with water and ions. However, because the backbone of PAA
homopolymers is not very hydrophobic or sterically bulky, its conformations do not
significantly change with pH unless the polymer chain reaches a molar mass (M) that
exceeds 16.5 kDa.3> As such, stimuli-responsive applications often rely on either covalent
crosslinking of PAA36 or on using a combination of PAA and other polymers such as
poly(ethylene oxide), poly(acrylamide), or poly(vinyl alcohol), either as a physical mixture
or as block copolymers (Figure 2b).37 Our early work on large (~100 nm) polymer-caged
liposomes for drug delivery employed both of these strategies simultaneously and can effect
pH-sensitive cargo release with a 10 mol % insertion of Chol-PAA chains that are as short as
2.5 kDa.26 At this low level of insertion and short polymer chain length, covalent
crosslinking is critical for the chemomechanical response as cargo release does not occur
with the non-crosslinked PGN template.

For the much smaller (<50 nm) SUVs, we hypothesize that crosslinking of the PAA chains
would not be necessary. The inserted Chol-PAA chains are laterally more mobile on the
more-strained lipid bilayer, and can be easily clustered together upon acidification through
intra- and interchain hydrogen bonding (Figure 2c).” Such a phenomenon would
significantly destabilize the initial cholesterol-stabilized membrane to cause cargo release
(Figure 2c and 2d), without the need for covalently cross-linking the PAA chains.?6 It is also
completely distinct from the traditional non-responsive behaviors of low-MW PAA-
containing systems3® due to the anchoring of the cholesterol moiety in the lipid bilayers. In
other words, the synergistic combination of the Chol moiety and the PAA chain in our
usPGNs should simultaneously afford cholesterol-enhanced stability at neutral pH and a pH-
sensitive triggered release under acidic conditions.

As DOPC-derived SUVs were the most stable among our three uSUV formulations, we
selected them to evaluate the extent of membrane destabilization by Chol-PAA under
acidification. DOPC-usPGNs loaded with sulforhodamine B dyes (DOPC-usPGNgp) were
placed in acidic (pH = 5.0) and neutral (pH = 7.4) buffer solutions, respectively (See SI,
Sections S2e and S6). The usPGN solutions were then incubated at 37 °C, and the amount of
dye released from the DOPC-usPGNRgp, was regularly monitored by fluorescence
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spectroscopy. As shown in Figure 2d, a significant amount (40%) of encapsulated dyes was
released from the DOPC-usPGNRgp, after 24 h of incubation at pH 5.0 in comparison to a
modest (< 10%) dye leakage from the pH 7.4 control. These behaviors are in stark contrast
to the corresponding unmodified DOPC-uSUVRgy, which showed similarly large cargo
leakages at both acidic and neutral pHs (SI, Figure S7). Together, these observations
strongly support our initial hypothesis: while the Chol-PAA shell of the usPGNs greatly
stabilize the lipid bilayer at neutral pH compared to the parent SUVs, it can undergo a
significant physical change upon acidification, destabilizing the membrane and leading to
cargo release.

Coarse-grained molecular dynamics (CGMD) model and simulations

To model the physical changes conferred by Chol-PAA grafts on DOPC-usPGNs as a
function of pH, we carried out coarse-grained molecular dynamics (CGMD) simulations.38
Our DOPC-usPGN model was constructed by randomly dispersing 10 mol % of Chol-PAA
polymer chain (DP = 50) on one side of a DOPC-derived “flat” lipid bilayer membrane
(Figure 3e). Qa (-1 charge) and P3 (0 charge) beads were employed to respectively
represent the deprotonated and protonated3? states of the acrylic acid (AA) moieties in the
Chol-PAA chains (Figures 3a and 3b). Four different bead ratios (Qa/P3 = 100/0, 70/30,
30/70, and 0/100) were used in our simulations to systematically correlate the physical
changes brought about by changing the amount of protonated AA monomers. As control, a
pure DOPC lipid bilayer membrane model without Chol-PAA chains was also constructed.
The total CGMD simulation time for each system was 200 ns with 20 fs time steps, which is
commonly used with the MARTINI force field (see SI, Sections S7 and S8 for details).

As shown in Figure 4b, CGMD simulation results show a clear collapse of the Chol-PAA
chains with all protonated AA repeating units (Qa/P3 = 0/100) onto the lipid membrane,
leading to the formation of large clusters due to attraction between the P3 beads. In contrast,
the Chol-PAA chains with all deprotonated AA repeating units (Qa/P3 = 100/0) extend away
from the lipid bilayer and remain apart during the whole simulation due to intra- and inter-
chain electrostatic repulsion between the negatively charged Qa beads (Figure 4a). The
intermediate cases (Qa/P3 = 30/70 and 70/30) qualitatively follow this trend: the higher
fraction of protonated AA moieties lead to more clustering of the Chol-PAA chains and
“more collapsed” structure (Figure 4b; see also SI, Figure S10).

Strongly supporting our hypothesis, the clustering of Chol-PAA chains indeed brings their
cholesterol anchors close together in the lipid bilayer, as shown by plots of the radial
distribution functions (RDFs) (Figure 4c) for all four simulated DOPC lipid bilayers in our
study. While all four plots show RDF peaks at ~ 1 and 2 nm, the peak at the shorter distance
(1 nm) increases significantly as the fraction of protonated AA repeating units increases,
indicating that more cholesterols were clustered together. Such clustering leads to a
segregation of the lipid bilayer membrane into cholesterol-rich and -deficient areas at low
pH and presumably would destabilize the membrane from the non-clustered configuration at
neutral pH. This difference confirms that an acid-trigger release mechanism can indeed be
engineered into our usPGN.
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While GCMD models of small liposomes (< 20 nm in size) have recently been reported,
22,4041 gych models are still too costly to implement for our usPGN (~ 35 nm) systems,
where the inclusion of the Chol-PAA chains greatly increases the size of the model. As
clustering of the Chol-PAA chains in our usPGN CGMD models could lead to membrane
destabilization (see above), a more efficient strategy to evaluate their relative stabilities /7
silicois to subject all of them to a destabilizing condition, such as a negative lateral pressure,
and evaluate the kinetics of rupture. Such a strategy has been applied to flat lipid bilayer
models to simulate membrane destabilization and rupture of pure lipid membranes.42-43 To
this end, we subjected all four SUV and Chol-PAA-grafted DOPC membrane models to a
range of destabilizing negative pressures (=25 to =50 bar) in the xy plane for an additional
40 ns after full equilibration (at 1 bar for 200 ns). Such negative pressures would stretch out
the lipid bilayers laterally, eventually causing them to rupture with different kinetics. For our
usPGN under such a scenario, membranes with more protonated AA moieties, which cause
the Chol-PAA chains in the lipid bilayer to cluster more (see above), would lead to faster
membrane ruptures.

During the allotted time (40 ns) in our CGMD simulations, a parent uSUV membrane model
ruptures before any of the corresponding four usPGN membranes (Sl, Figure S13). This
result strongly supports our experimental data that the insertion of chol-PAA chains can
greatly enhance the stability of the high-curvature lipid bilayer. However, as the lateral
pressure becomes more negative, the Chol-PAA-grafted membranes with more protonated
AA repeating units (P3 beads) become less stable and rupture faster (at —45 bar, membranes
with Qa/P3 = 100/0, 70/30, 30/70, and 0/100 rupture at 15, 23, 27, and 37 s of simulation
time, respectively; see Figure 4f). This membrane rupture trend was consistently observed
up to =50 bar, with the rupture point occurring earlier at more negative lateral pressure (i.e.,
the rupture at —50 bar occurs at an earlier time point than that at —45 bar (SI, Figure S11)).
Interestingly, the membrane rupture occurred in the cholesterol-deficient areas of the
membrane in all of the simulations. Small, water-filled fissures were observed to form in
these areas (SI, MD simulation movies), and these fissures quickly grew in size and merged
into a large pore (Figure 4e), eventually causing complete membrane disassembly (SI, MD
simulation movies). Together, these results from our CGMD simulations present a detailed
picture of the mechanism by which Chol-PAA grafts can stabilize the lipid bilayer
membrane of DOPC-usPGNSs at neutral pH while facilitating cargo release under acidic
environments.

In summary, we have demonstrated that low-level grafting of Chol-PAA polymers can
endow colloidally unstable uSUVs with a negative ¢ potential that enables them to remain
dispersed in biologically relevant media for long periods. Additionally, these grafts can
endow usPGNs with a combination of properties that are highly desirable for smart
nanocarriers: remarkable cargo retention under physiologically relevant conditions and facile
cargo release in response to acidification. As Chol-PAA grafting confers a large number of
carboxyl moieties (~ 19,000/25 nm particle at 10 mol % modification) on the usPGN
surface, this simple drop-in modification can extend the utility of uSUVs beyond the
immediate benefits from their small sizes: the carboxyl groups can be used as a robust
conjugation handle for other functional groups such as cellular-targeting ligands,**
therapeutics,*>~46 and imaging agents.10 Together, the desirable combination of high
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stabilities, triggered cargo release, and functionalization handles should enable usPGNs to
be a robust and versatile scaffold for a highly promising class of smart nanocarriers for
various applications. Fox example, the encapsulation of anticancer drugs such as
doxorubicinl! and gemcitabinel® can allow these particles to be explored for targeted cancer
therapy or theranostic.10-11

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparative stability and cargo-retention properties of uSUVs and usPGNs derived from

DPPC, DMPC, and DOPC lipids. (a) Schematic illustration of usPGN preparation. (b—d)
Hydrodynamic diameters (Dy) of uSUVs (orange triangle) and usPGNs (blue circle), as
monitored by dynamic light scattering (DLS) over one month at 4 °C. The error bars
represent the standard deviations from four different measurements. The inset pictures for
DPPC- and DMPC-based formulations show clear differences between the uSUV and the
usPGN materials: the former develop a cloudiness over time that is representative of
aggregation. The aggregates can become so large in the case of DMPC that they eventually
settle out of solution as can be seen in the wispy tendrils that were slightly stirred up in the
inset picture for DMPC-uSUV in panel c. (e—g) The mean calcein leakage profiles up to 30
days at 4 °C for three batches of uSUVs (orange bar) and usPGNs (blue bar). The error bars
represent the standard deviation of the mean calculated from three different batches.
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Figure 2.
Schematic illustration of the synergistic combination of cholesterol-induced membrane

stability and pH-responsiveness in usPGN system. (a) The insertion of cholesterol moieties
into the lipid bilayer membranes can increase the order of the lipid bilayer membrane24:34
and stabilize defect sites,1° thus reducing cargo leakage. (b) The formation of hydrogen
bonds between carboxylic acid groups upon protonation leads to intra- and interchain
noncovalent cross-linking of the polymer chains, causing clustering and shrinkage of the
polymer mass. (c) The synergistic combination of cholesterol-induced membrane stability
and noncovalent crosslinking results in the ability of usPGN to undergo acid-triggered cargo
release. (d) Time-dependent cargo-releasing profiles of DOPC-usPGNRgp, at pH 5.0 (blue
circles) and pH 7.4 (orange triangles), respectively. The particles were incubated at 37 °C for
24 h, and the cargo (sulforhodamine B dye) released from the particles was quantified by
fluorescence microscopy. Error bars represent the standard deviation of the mean calculated
from three measurements.

J Phys Chem Lett. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hong et al.

Page 13

e SC5 (b) SC5

SC5
CHOLESTEROL CHOLESTEROL

apolar nonpolar polar charged

126 A

Figure 3.
(a-d) MARTINI mapping of coarse-grained beads for a Chol-PAA chain and DOPC lipid:38

(a) 100% deprotonated and (b) 100% protonated Chol-PAA chains, (c) cholesterol anchor,
and (d) DOPC lipid. The deprotonated and protonated AA monomers are represented as Qa
(-1 charge) and P3 (0 charge) beads, respectively. Colored circles represent CG beads and
each bead type is indicated in black next to the bead. () A snapshot of the initial setup for a
DOPC lipid bilayer membrane model system with 10 mol % Chol-PAA grafts residing
inside a simulation box comprising 0.15 M NaCl,g, which mirrors the ionic media employed
in the experiment. The embedded cholesterol anchors of the polymer chains are free to move
on the membrane surface during the simulation with no positional restraints. Water and ions
are omitted for clarity (see Sl, Figure S8 for a detailed CG model system). The properties of
the lipid bilayers such as bilayer thickness, area per lipid, and lipid order parameter can
readily be obtained from simulations (SI, Table S9).
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Figure 4.
(aand b) Top and side views of a Chol-PAA-grafted DOPC lipid bilayer membrane model

with either 100% deprotonated AA repeating units (Qa/P3 = 100/0) (a) or 100% protonated
AA repeating units (Qa/P3 = 0/100) (b) after 200 ns of CGMD simulation. The Chol-PAA
chains with 100% deprotonated AA repeating units remain in extended conformations due to
intra- and inter-chain electrostatic repulsion between the negatively charged Qa beads, while
the chains with 100% protonated AA repeating units collapse onto the lipid membrane and
form clusters. (c) The 2D (x-y plane) radial distributions of the cholesterol anchors for all
four simulated DOPC lipid bilayers in our study (Qa/P3 = 100/0, 70/30, 30/70, and 0/100).
These radial distribution profiles can be used to represent to the probability of finding one
cholesterol molecule at a particular distance (r) from another one in the lipid bilayer,
essentially correlating the “local” density of cholesterol to the overall “bulk” density. (d and
e) Top views of a Chol-PAA-grafted DOPC lipid bilayer membrane model with either 100%
deprotonated AA monomers (d) or 100% protonated AA monomers (e) after 20 ns of
CGMD simulation at —45 bar of lateral pressure. The diameter of the pore in e is ~6 nm. All
simulations were carried out in 10 x 10 nm?2 boxes, which were shown fully in the snapshots
(a—b and d-e). For clarity, water and ions are omitted in these snapshots. (f) Plots of
membrane area per lipid as a function of CGMD simulation time after the equilibrated lipid
bilayer membranes were subjected to —45 bar of lateral pressure. The sharp increase in the
membrane-area-per-lipid values at the end of simulations indicates membrane rupture, where
the lipid dissociates from the surface.
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