Downloaded viaUNIV OF SUSSEX on June 24, 2018 at 16:40:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: ACS Nano 2017, 11, 12615-12623

Detecting Interactions between Nanomaterials
and Cell Membranes by Synthetic Nanopores

KR
)

Binquan Luan,*’T Shuo Zhou,i Degiang Wang,’

and Ruhong Zhou™"'

1LComputational Biology Center, IBM Thomas ]J. Watson Research, Yorktown Heights, New York 10598, United States
iChongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences, Chongqing 400714, China

Supporting Information

Engineered nanomaterials have been increasingly
utilized in industry for various consumer products, environmental
treatments, energy storage, and biomedical applications. Meanwhile, it
has been established that certain nanomaterials can be toxic to
biological cells from extensive experimental and theoretical studies.
Despite that the exact molecular mechanisms of this nanomaterial
toxicity are still not well understood, it is ubiquitous that their
interactions with cell membranes, through either endocytosis or Y T — T e—T
penetration (and thus potential lysis), act as the first step toward the
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inflammation or even the death of a cell. To facilitate the study of

nanomaterial-membrane interactions, here we demonstrate a nanopore-based single-molecule approach that can be
applied to monitor a specific nanomaterial-membrane interaction in real time. Combined with molecular dynamics and
experimental approaches, we show how an ionic current can be used to detect membrane damage by a graphene nanosheet
and illustrate the underlying molecular mechanism. More generally, we expect that measured transmembrane ionic currents
(both DC and AC) can signify many particle-induced membrane modifications, such as hole formation, particle adsorption,

and protein insertion.
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he membrane of a biological cell encloses cytoplasm,

such as cytosol and organelles, and protects the cell

from its extracellular environment. Functionally, the
membrane regulates the transport of nutrients into and wastes
out of a cell. The damage of a cell membrane can often lead to
the leakage of intracellular substances (eg, ions, mRNA, and
proteins), which may trigger necrosis for cellular death. During
bacterial infection that targets a cell membrane, protein toxins
(also known as pore-forming-proteins, such as a-hemolysin
from Staphylococcus aureus') can self-assemble into a trans-
membrane channel on the host membrane, causing cell lysis or
leakage, which is the major mechanism for cellular darnage.Z
Associated with Alzheimer’s disease (a deadly neurodegenera-
tion disease), amyloid-f 42 peptides (Ap42), which are
intrinsically disordered, can surprisingly aggre§ate on a cell
membrane and form pores with various sizes.”" Recently, the
same concept or mechanism has been applied to the design of
synthesized antibacterial drugs. For example, positively charged
peptides or polymers can target the negatively charged bacterial
membrane and effectively kill bacteria by forming holes on their
membrane.”””

Engineered nanomaterials have been commercially used in
cosmetics, catalysis, microelectronics, food, and drug industries,
due to their attractive physical and chemical properties.
However, this is accompanied by growing concerns on
nanomaterials’ biocompatibility (i.e, potential harmful inter-
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actions with biological systems).”” Some nanomaterials have
been known to induce cytotoxicity to biological cells by
damaging cell membranes, similar to protein toxins and
amyloid peptides. For example, hydrophobic nanomaterials of
particular sizes can penetrate into a cell membrane directly (a
passive transport in contrast to endocytosis) and leave open
pores in the bilayer.'"” A poly(methacrylic acid) (PMAA)
coated gold nanoparticle (AuNP) can promote the initial
adsorption on a lipid membrane and later abduct a patch of
membrane lipids leaving a large hole in the bilayer."'
Additionally, graphene nanosheets have been shown to
aggressively extract lipids out of a cell membrane,'>" causing
damage to the membrane.

The adsorption of a nanoparticle on a supported lipid
bilayer,14 followed by possible damage to the membrane, can be
experimentally monitored using atomic force microscopy
(AFM)" or a quartz crystal microbalance with dissipation
(QCM-D).""' Alternatively, pore formation as a consequence
of interactions between nanomaterials and vesicles (with
molecular dyes inside) can be discovered by applying
fluorescence techniques to optically measure dye leakage.'’
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To facilitate and simplify experimental detection of nanoma-
terial—membrane interactions, here, we propose a nanopore-
based single-molecule technique that has been widely used to
detect biomolecules (such as DNA'® and proteins'’) electro-
chemically. Similar to a black lipid membrane (BLM)'* at
macroscale, a patch of lipid bilayer is self-assembled inside a
nanometer-sized pore (or generally <1 ym) drilled through a
thin (~5 nm) solid-state (e.g,, SiO,) membrane. For simplicity,
lipids outside the pore due to lipid-spanning are not modeled.
In a typical fluidic device, such a membrane separates the cis
and trans fluidic chambers, with an external electric field E
applied normal to the membrane (Figure 1a). After loading the

Figure 1. Setup of molecular dynamics (MD) simulations. (a) The
nanopore system; Si and O atoms in the solid-state nanopore are
shown in yellow and red; the POPC lipids filling the nanopore are
shown as van der Waals spheres; K* and CI~ are represented as tan
and cyan dots; water is shown transparently. (b) A graphene
nanosheet enters halfway through the membrane (Sim-1). (c) A
graphene nanosheet enters the membrane entirely and is “sym-
metrically docked” on the membrane with equally exposed
segments on both sides of the membrane (Sim-2).

to-be-tested nanomaterials in the electrolyte on the cis side, it is
expected that the potential nanomaterial—-membrane inter-
actions can be conveniently monitored by measuring the ionic
currents through the membrane.

To prove the principle, we carried out molecular dynamics
(MD) simulations on the potential harmful effects resulting
from a graphene nanosheet’s interaction with the lipid bilayer
supported by the solid-state nanopore. The MD method has
been extensively applied in studying both biomolecules”~**
and nanotechnologies.m_27 Previously, MD simulations have
shown that a graphene nanosheet can spontaneously insert into
a lipid bilayer through its sharp edges and corners,' "
destructively extracting lipids out of the membrane.'””**
Recently, through both experimental and simulation ap-
proaches, it was demonstrated that the extensive loss of lipids
due to the extraction by a graphene nanosheet may eventually
yield a hole in the membrane.'”*’ Here, we focus on the
dynamic graphene—membrane interactions after graphene’s
insertion and show how the nanopore sensor can be used to
detect the hole-formation in the membrane. Generally, this
method can be applied to study interactions between a cell

membrane and many other engineered nanomaterials, provid-
ing a means for evaluating their nanotoxicity in vitro.

RESULTS AND DISCUSSION

The simulation system for nanopore-based assessments of
potential nanotoxicity of nanomaterials toward a cell membrane
is illustrated in Figure 1. Briefly, to obtain the SiO, nanopore in
silico, atoms in the solid membrane were fully mixed at a high
temperature before being quenched to 300 K. During the
quenching process, atoms within S nm of the z axis were
harmonically pushed out, forming a cylindrical channel. Finally,
the system was equilibrated at 1 bar and 300 K, with the
periodic boundary condition applied in the x- and y-directions
only. The thickness of the equilibrated membrane is about S
nm.

A patch of pre-equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid bilayer was placed inside a 10
nm diameter nanopore (D = 10 nm). Previous studies™ have
shown that such membrane model can yield insightful
understanding of the interactions between nanomaterials and
a cell membrane. The membrane complex was further solvated
in a 0.15 M KCl electrolyte (Figure la), separating the
electrolyte into cis and trans fluidic chambers. After
minimization and equilibration, the lipid density in the POPC
membrane is about one lipid per 67.7 A% which is comparable
to that measured in experiment.’’ Experimentally, the critical
biasing voltage is 0.3 V, below which electroporation does not
occur, for example, a typical voltage of 0.15 V used for
monitoring the ssDNA translocation through an a-hemolysin
channel in a supported lipid bilayer.'® In simulation, due to the
force field*> (describing POPC lipids), a much larger baising
voltage (eg, 2 V) is required for the poration.”” Here, we
applied a biasing electric voltage of 0.5 V across the entire
system (height ~16 nm), ensuring that no electroporation can
occur in our simulations.

As shown in previous studies, a graphene nanosheet
spontaneously enters a cell membrane through its sharp
edges;'”"* here we focus on possible subsequent membrane
damages after graphene’s entry into the cell membrane. Two
docking positions of a graphene nanosheet in the membrane
were investigated: (1) a graphene nanosheet (63.8 X 136.3 A%)
enters only the upper layer of the membrane (Figure 1b),
referred to as Sim-1 hereafter; (2) the same graphene
nanosheet penetrates the bilayer and is “symmetrically docked”
on the membrane with equally exposed segments on both sides
of the membrane (Figure 1c), referred to as Sim-2 hereafter. In
both cases, the graphene nanosheet was perpendicular to the
membrane surface, with its position fixed during all simulations.
Positions of the lipids that are in conflict with the graphene
nanosheet were slightly moved or reoriented, and the top view
of an inserted graphene nanosheet after minimization and
equilibration is shown in Figure S1 in the Supporting
Information.

Due to the strong van der Waals interaction, as well as
hydrophobic interaction (due to water), between lipids and the
graphene nanosheet, consistent with previous studies,”** we
also observed the vigorous extraction of lipids toward the
graphene surface. In Sim-1, since the graphene nanosheet only
partially penetrated into the membrane, the strong lipid-
graphene interaction drove the entire membrane to bend
toward the graphene after a few nanoseconds (Figure S2a),
allowing the lower layer of the lipid membrane to cover the
graphene nanosheet as well. After that, the process of lipid-
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extraction toward the graphene nanosheet (exposed in the cis
chamber) started and the number of extracted lipids increased
with time as shown in Figure 2a. In Sim-2, because the
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Figure 2. Time-dependent number of POPC lipids extracted onto
the graphene nanosheet in Sim-1 (a) and in Sim-2 (b).

graphene nanosheet was fully inserted, lipids were allowed to be
extracted toward graphene fragments in both cis and trans
chambers (Figure 2b, Figure S2b).

In these proof-of-principle simulations, we modeled a small
graphene nanosheet that can only be covered by 30 to 40 lipids.
For example, at around 100 ns in Sim-1 (the end of the black
line in Figure 2a), the exposed graphene nanosheet was fully
covered by extracted lipids (see inset in Figure 2a). To model
the toxic effect by a larger nanosheet, we divided the entire
simulation into several stages. In order to continue extracting
lipids, at the end of each stage all extracted lipids covering the
exposed nanosheet were removed from the simulation system.
After proper equilibration in the NPT ensemble for 0.5 ns with
all heavy (non-hydrogen) atoms in lipids restrained, the
simulation resumes in the NVT ensemble in the next stage.
We carried out four and five simulation stages in Sim-1 and
Sim-2, respectively. Due to the removal of extracted lipids, the
dimension (along z axis) of the simulation box were slightly
reduced in latter stages, e.g. 16.35, 16.07, 15.90, and 15.80 nm
in stages 1—4 in Sim-1. Thus, this simulation approach allows
us to investigate the depenency of graphene’s size on the pore
formation (see below).

Overall, the rates of lipid extraction in Sim-1 and Sim-2 are
comparable, as shown from the slopes (dN/dt) of the lines in
Figure 2. Roughly, one lipid was extracted every 4 to 5 ns. This
rate is comparable to the result reported under a similar
condition in the previous study'” without applying the electric
field, suggesting that the applied electric field barely affected the
lipid-extraction process. However, both systems behaved quite
differently during the beginning stage. The fast extraction at the
beginning of Sim-1 was facilitated by the initial bending of the
entire membrane toward the graphene nanosheet in the cis
chamber. Energetically, the lower lipid—lipid interaction energy
in the bent membrane (with an increase surface area) yields the
faster lipid-extraction process in Sim-1 in the beginning. In later
stages, the lipid extraction in Sim-2 was slightly faster because
lipids can be extracted from both sides of the membrane.

Destructive and vigorous extraction of lipids from the
membrane would inevitably damage the membrane after

some time. Therefore, the above lipid-extraction process can
be monitored conveniently by measuring the ionic current
through the lipid membrane. From the trajectories of Sim-1 and
Sim-2, we calculated the time-dependent ionic currents I=
Y.(qv;)/H, where H is the system height; g; and v; are the
charge and the velocity of an ith ion, respectively. At the
beginning the membrane was not damaged, so the average
trans-membrane current was zero as shown in Figure 3.
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Figure 3. Ionic currents through the nanopore during the Sim-1 (a)
and the Sim-2 (b). Gray lines, currents averaged over 1 ns intervals;
black lines, currents averaged over 10 ns intervals. (c) Snapshots of
the hole-formation in the lipid membrane in Sim-1.

Even after the lipid extraction started, in the early stages, the
membrane spanned the entire nanopore despite the loss of
lipids. Thus, the ionic current did not increase immediately
after the lipid-extraction process occurred. Figure 3 shows that
in both Sim-1 and Sim-2, the average current remained at zero
for about 160 ns, during which about 40 lipids were extracted
onto the graphene nanosheet (Figure 2a). After this critical
point (t ~ 160 ns), currents in both simulations surged to about
0.5 nA, indicating a significant amount of ions permeated
through the lipid membrane. From the trajectory analyses of
both systems, a hole was observed in the damaged membrane,
which increased its size over time(Figure 3c, and see movie S1
in Supporting Information). Consistently, the hole formation in
the damaged membrane in either Sim-1 or Sim-2 occurred after
about the same amount of lipids (~40) were extracted. In the
current simulation setup, there were a total of 234 lipids in the
membrane. Therefore, our results suggest that a hole can form
after the membrane loses about 17% of its lipids, which also sets
the size limit for a graphene nanosheet in order to produce a
pore in the membrane. In a live cell, due to the diffusion of
excess surrounding lipids, losing 17% of local lipids may not
yield a pore. Actually, this result suggests that a pore might
form only if a cell membrane uniformly loses 17% of its entire
lipids. Previously, it was found that in order to yield a hole in
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the membrane, a graphene nanosheet should be large enough
or multiple small graphene nanosheets are required.””

After the pore formation, because of the continuous lipid
extraction (Figure 2), ionic currents increased accordingly
(Figure 3). Thus, at this stage, the measured current is
proportional to the rate of lipid-extraction, that is, I ~ dN/dt. In
Sim-1, the current increased to a larger value (~1 nA) than the
one in Sim-2, because more lipids were extracted and thus a
larger hole was formed in the membrane in Sim-1 at the end of
simulation. It can be expected that, given more simulation time,
all lipids near the graphene nanosheet could be extracted and
the hole in the membrane could grow larger. Eventually, direct
interactions between lipids in the membrane and the graphene
nanosheet become impossible, which yields a saturated ionic
current.

To highlight the pore formation process, we calculated the
number of water molecules that entered the membrane and
were present in a S-A-thick layer near the bilayer interface, or
the overlap region of the lipid tails in both upper and lower
layers (eg, S A < z < 10 A). Generally, a water molecule can
stay near the headgroup of a lipid but can only temporally enter
the hydrophobic lipid-tail region in the membrane. By selecting
water molecules found deeply inside the membrane, we
calculated the number of water molecules Ny, that contributed
to the hole formation. In each simulation, Nyy fluctuates near
zero in the beginning, indicating that water can only temporally
enter the already damaged membrane (due to lipid extraction).
Similar to the onset of ionic currents, Ny, increased sharply
after the critical point in each simulation. This avalanche-like
process in membrane rupture accompanied by water infiltration
is very similar to many phenomena signified with a first-order
phase transition.

Noticeably, the following behaviors of Ny (t) as shown in
Figure 4a resemble those for I(t) very well (Figure 3). Due to
the same thickness (for the calculated water slab), the
calculated number of water molecules is proportional to the
cross-sectional area of a hole in the lipid membrane. Given the
water density (~0.0334 A7) for the TIP3P water model,
estimated cross-sectional areas for membrane holes at the end
of Sim-1 and Sim-2 are 14.4 and 10.8 nm? respectively. The
ionic current is also proportional to the cross-sectional area of
the hole; therefore the time-dependency of Ny is similar to that
for the ionic current L

Figure 4b illustrates a snapshot of the simulation system at
the end of Sim-2, showing a water-filled hole in the lipid
membrane, connecting both cis and trans fluidic chambers. The
hole resides at one side of the graphene nanosheet, while the
membrane on the other side of the nanosheet was not broken
yet. Due to water infiltration, lipids near the hole edge
reoriented their head groups toward water inside the hole,
preventing the exposure of hydrophobic lipid tails to water.
Several ions in the emerging aqueous hole can be discerned,
and in the externally applied electric field they moved through
the hole (e.g, CI™ from cis to trans chambers), contributing to
the above-mentioned ionic current.

As stated above, a membrane hole can form only after about
17% of the lipids in a membrane patch were extracted onto the
graphene nanosheet. Thus, it is interesting to know how the
lipid bilayer structure was affected before forming a hole.
Because of the constant membrane area inside the solid-state
nanopore, the lipid density is expected to reduce after the lipid
extraction process started. From the simulation trajectories, we
found that the density of the head groups of the lipids
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Figure 4. Interactions between water and the POPC membrane. (a)
Time-dependent numbers of water molecules inside the membrane
during the Sim-1 and the Sim-2. (b) A snapshot of the damaged
membrane with a water-filled hole. POPC lipids are in stick
representation; atoms in the graphene nanosheet are shown as van
der Waals spheres. Water inside the hole is shown transparently
with green surface; K* and CI” are represented as tan and cyan
balls; water and ions outside the hole are not shown for clarity.

decreased with time but the density of the tail region remained
nearly constant. The latter actually resulted from the enhanced
overlap of flexible lipid-tails between the upper and the lower
layers (with reduced bilayer thickness). In Figure Sa, we show
the time-dependent thickness of the membrane, which was
defined as the distance (projected on z axis) between the center
of mass (COM) of the phosphorus atoms in the upper layer
and the COM of the phosphorus atoms in the lower layer.
During the simulation time, the membrane thickness continued
to decrease from about 39 A to about 31 A on average. Near
the time when the hole started to form in the membrane, its
thickness was only about 33 A. The side view of the membrane
(see insets in Figure 5a) shows the significant interpenetration
of lipid tails between upper and lower layers.

This membrane-thinning effect enables more water mole-
cules to be present at each membrane surface because of the
lower lipid density. Additionally, water molecules can further
diffuse more deeply into the hydrophobic tail region. The
overlap region of the lipid tails was the last barrier before water
penetrated the entire membrane. As shown in Figure 4a, water
molecules can only temporarily stay in that region, that is, Ny,
fluctuates around zero, before the hole formation.

As the lipid density decreased further, water molecules can
finally penetrate the overlap region. Right after that, the
membrane burst and a hole started to develop on the
membrane. Consistent with calculated current signals (Figure
3) or number of water molecules inside the membrane (Figure
4a), the hole size increased very quickly (within a few
nanoseconds), as shown in Movie S1. Thus, the initial increase
of the hole size must result from the rearrangement of lipids
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Figure S. (a) Time-dependent membrane thicknesses in Sim-2.
Insets show snap-shots of side-views of the POPC membrane at
different times. (b) Time-dependent interfacial interaction energies
during the simulation. In the insets the orange line shows where the
interface is (the top view). In panels a and b, the graphene
nanosheet is in gray; POPC lipids are in stick representation;
phosphorus atoms in POPC lipids are shown as tan spheres.

after the burst. To confirm this, we calculated the interfacial
interaction energy E between the lipids on both sides of the
graphene nanosheet (see inset of Figure Sb); the graphene
nanosheet was included into one of the two lipid groups. Both
electrostatic (relative dielectric constant = 4) and van der Waals
energies were computed, and the latter was found to be
dominant. To account for the membrane thickness (h)
variation, we define energy density y = E/A, where the
interfacial area A = hd, where d is the width of the graphene
nanosheet. As shown in Figure 5b, before the membrane burst,
y was about —0.28 kcal/(mol/A*) on average. After the burst, y
was reduced to about —0.33 kcal/(mol/ AZ) , indicating that the
interaction per unit area became stronger. After the burst, the
following increase of the hole area was accompanied by more
intimate contacts between the lipids on the hole-forming side
and the graphene nanosheet (see Figure 4b), which accounts
for the stronger van der Waals attraction inside the membrane.
It is noted that the hole was formed at around 160 ns, while the
values of y were saturated after 240 ns. Here, the delay (tens of
nanoseconds) indicates the rearrangement of lipids in the
remaining membrane after the burst.

We further analyzed the interaction forces exerted on the
graphene nanosheet from the membrane lipids on both sides.
To exclude the extracted lipids and effects of water on the
membrane surface, we only included the inner 30-A-thick
membrane (—15 A < z < 15 A in Sim-2) from which forces on
the graphene nanosheet were exerted. Because of the charge-
neutral atoms in the graphene nanosheet, only van der Waals
forces were calculated. Figure 6ab shows the forces on the
graphene nanosheet from the hole-forming side and the non-
hole-forming side (see Figure 4b) of the membrane,
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Figure 6. Normal forces on graphene exerted from POPC lipids

from the hole-forming side (a) and the non-hole-forming side (b).

Gray lines, data averaged over 1 ns; black lines, data averaged over

10 ns; dashed lines, guides to the eye.

respectively. At the beginning, forces on both sides of the
nanosheet were negative, suggesting that the membrane was
initially under the tension. The tensile force F is about 2 kcal/
(mol/A) initially. The resulting local surface tension estimated
by F/d is about 7 dyn/cm. The surface tension of an entire
membrane should include the lipid—lipid interaction across the
graphene nanosheet as well and is generally about tens of dynes
per centimeter.”* Here, we use the surface tension on the
graphene nanosheet to elucidate the nanomechanics during the
membrane burst.

With more lipids extracted onto the graphene nanosheet, the
tensile force decreased gradually. Note that if this process or
deformation is elastic, the force is expected to increase. As
described above, the bilayers in the membrane rearranged
themselves by allowing the lipid-tails to overlap more to
compensate the loss of lipids, which maintains the tensile force.
Therefore, such deformation is plastic in nature. At the time of
membrane burst (~160 ns), the tensile force from the
membrane on the hole-forming side decreased to zero. The
remaining membrane on this side of the graphene nanosheet
lost its internal tension. However, on the non-hole-forming
side, there remained small tensile forces.

After the burst of membrane, surprisingly, forces exerted
from the hole-forming side became positive, that is, repulsive
forces, between the graphene nanosheet and nearby membrane
lipids. In fact, this nonintuitive result can be understood by
considering a balancing force: the hydrophobic force that
pushes the lipids against the graphene nanosheet. As shown in
Figure 4b, after water’s entry into the membrane, such
hydrophobic force between the graphene nanosheet and lipids
occurred and was normal to the graphene surface. Water’s
penetration into the lipid membrane was reversible before the
loss of a significant amount of lipids (Figure 4a). However,
when more water molecules were temporarily present inside
the membrane, they yielded hydrophobic force to push the
lipids toward the graphene nanosheet, which further allowed
more water molecules to get into the membrane. Therefore,
this positive feedback loop eventually initiated the avalanche-
like process: hole formation. On the non-hole-forming side of
the graphene nanosheet, the tensile force in the membrane
continued decreasing after the membrane burst and was about
zero at around 240 ns. As mentioned above, this time delay is
due to the required time (~80 ns) for the lipids to rearrange
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Figure 7. Experimental studies on interactions between GO and the lipid bilayer confined in an orifice. (a) Schematic illustration of the
experimental setup (not drawn to scale). (b, c) Ionic currents in the presence of 15 pg/mL GO: (b) 400 min current recording and (c) typical
magnified trace segments. The experiment was performed at +20 mV with the lipid bilayer formed at a 156-#m-diameter orifice on a Teflon
film. The electrolyte solution contains 1 M NaCl and 10 mM Tris'HCI (pH 7.5).

after the membrane burst on the other side of the graphene
nanosheet.

Once a hole is formed in a live cell membrane, depending on
the competition between lipid extraction and self-repairing
(because of the diffusion of surrounding lipids to fill the hole),
the hole size may increase or decrease. However, due to the
presence of transmembrane proteins in a live cell membrane,
driven or diffusive motions of lipids toward the hole can be
hindered.”® Thus, lipid extraction may dominate the self-
repairing, which yields a hole enlargement (similar to the case
in our simulation). Alternatively, when the cell membrane is
interacting with multiple nanomaterials,” it becomes more
challenging for self-repair and easier for hole formation.
Additionally, many nanomaterials (such as cationic quantum
dots) other than graphene nanosheets can passively diffuse
through a cell membrane; the cell membrane is only transiently
broken and can be repaired by itself.’® Experimental studies of
vesicle—graphene interactions also revealed a transient leakage
of dyes inside the vesicle.'” The typical time scale for these
transient membrane holes is around a few milliseconds,”” which
can be adequately detected by measuring the transmembrane
current from cis to trans chambers."®

To further validate our simulation results, we carried out a
series of experiments to explore the interaction between
graphene and the lipid bilayer. Figure 7a illustrates the
experimental setup. Briefly, S pug/mL graphene oxide (GO)
was added and stirred in the chamber after the formation of a
lipid bilayer in an orifice on a Teflon film. Here, due to the poor
solubility of graphene nanosheets, we used GO nanosheets in
our experiment, which contain many unoxidized graphene (sp*)
domains. As shown in our previous simulation and experi-
ments,'” these large sp> domains behave just like pristine
graphene and agree well with the theoretical predictions using
pure graphene. When applying a lower concentration (S ug/

mL) of GO, the ionic current remained at 0 pA for 20 min
(Figure S3 in Supporting Information), suggesting a stable and
unbroken lipid bilayer. However, after increasing the GO
concentration to 15 yg/mL in the chamber, the ionic current
began to fluctuate significantly around 16 min (Figure 7b),
indicating that due to the strong interaction GO nanosheets
started to breach the membrane. During the next SO min, the
ionic current quickly went up to 350 pA (Figure 7b), suggesting
that the continuous lipid extraction had passed the critical point
(t ~ 16.6 min) and the pore formation in the lipid bilayer
became possible. The observed concentration dependency
confirms the simulation result that the membrane has to lose a
significant amount of lipids before the pore formation either by
a large graphene nanosheet or by multiple small ones. Because
of this mechanism of pore formation, with limited GO
nanosheets inserted in the membrane, the produced pore size
may not be proportional to the size of entire membrane. The
proportionality occurs only when a significantly large amount of
GO nanosheets are in the membrane.

Given that the size (diameter <3 ym) of each GO nanosheet
is much smaller than the pore size, multiple GO nanosheets can
be present in the membrane when increasing the GO
concentration to 15 pug/mL. Figure 7c highlights several
representative current signals showing stepwise increases,
each of which might signal the formation of an additional
pore in the membrane by an inserted GO nanosheet. Similarly,
this phenomenon occurs when recording the ionic current
through a membrane with multiple protein channels (eg, a-
hemolysin) inserted one-by-one. After that, without any
additional pore formation, the ionic current continuously and
gradually increased to 420 pA (Figure 7b) because the size of
each pore became larger after more lipids were extracted by GO
nanosheets. Finally, the current became stable and saturated,
after the GO nanosheets were fully covered with the exacted
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lipids. In an independent experiment (see Figure S4), we
reproduced the phenomenon of the current increase after the
GO-membrane interaction. Overall, these experimental ob-
servations are consistent with the simulation results above.

It is worth emphasizing that the phenomenon of lipid
extraction is independent of the lipid type, because the
extraction is driven by the favorable dispersive interaction
between lipid tails and the graphene nanosheet. For two lipid
types, POPC (used in our simulation) and DPhPC (used in our
experiment), the free energy change for moving a lipid from the
membrane to the graphene surface is, respectively, —7.4 kcal/
mol®® and —7.5 kcal/mol (see Figure S5 in Supporting
Information). The same phenomenon was previously ob-
served'? for other types lipids such as POPE, POPE/POPG
(3:1), and DPPC. Because the headgroup of a lipid is not
involved in the lipid extraction process, even charged lipids (e.g,
POPG) can be extracted to the graphene surface.'”

Generally, the hole formation by nanomaterials can be toxic
(e.g, intracellular substance loss) to a biological cell, which as
shown above can be detected by measuring the transmembrane
ionic current. In many cases, it is possible that some
nanomaterials (e.g, TiO,”") are only adsorbed on the
membrane surface, and their entry into a cell depends on the
following endocytosis process. Although the method proposed
above (by measuring DC currents) cannot capture the
adsorption of nanomaterials on the membrane, it is possible
to apply alternating biasing voltages V(t) to measure the AC
signals, that is, I = C dV/dt where C is the capacitance of the
lipid membrane. Under alternating biasing voltages, each side of
the membrane is alternatively charged by K* and CI™ ions and
both sides of the membrane are always oppositely charged,
yielding a well-defined capacitance. Once nanomaterials are
adsorbed on the membrane, the ionic distribution (electric
double layer) near the membrane will be affected by the
presence of nanomaterials, which results in a different
capacitance and consequently a different AC current. Addi-
tionally, considering that the capacitance C = €S/h where € is
the dielectric constant, S is the cross-sectional area of the
membrane, and h is the membrane thickness, the membrane
thinning effect (Figure Sa) before the burst can cause an
increase in the capacitance and the consequent AC current.
Therefore, while not demonstrated in our simulation, we expect
that AC signals might provide more information on particle—
membrane interactions.

CONCLUSION

In summary, we have proposed a low-cost yet efficient in vitro
method to assess the nanotoxicity of nanomaterials toward the
cell membrane. By measuring the ionic currents through a cell
membrane supported in a solid-state nanopore, it is possible to
detect the adverse particle—membrane interactions in real time.
Generally, by measuring both DC and AC currents, phenomena
such as particle adsorption, membrane thinning, and hole
formation can be directly inferred. Here, we demonstrate that
once a graphene nanosheet extracted about 17% of the lipids in
the membrane and allowed water to penetrate into the
membrane, a hole can occur on the membrane, accompanied
by an increase in measured ion currents. We analyzed the
energetics and nanomechanics during the membrane burst and
the hole formation processes and revealed the important role of
water. Other mechanisms of pore formation can be dependent
on surface properties of a nanomaterial, such as the curvature,
polarity, and roughness."

Besides detecting toxicity of a nanomaterial, it can be used to
screen designed chemical modifications of an engineered
nanomaterial and determine the most biocompatible one.
Additionally, the efficiency of antimicrobial peptides/polymers
can be conveniently tested and optimized toward bacterial
membranes under certain conditions (such as the Ca**-rich
environment®”). Broadly defined, nanomaterials/nanoparticles
are not restricted to the engineered ones but can also include
protein toxins, bacteria, or viruses that bind the cell membrane
as the precursor of their invasion. Therefore, the nanopore
platform described here provides a simple yet powerful means
to study broad particle—membrane interactions in general.

METHODS

Molecular Dynamics Simulations. All MD simulations were
carried out using the software package NAMD2.9.* The entire
simulation system measures about 140 X 140 X 160 A%, after
minimization for 10 ps and equilibration for 5 ns in the NPT ensemble
(P~ 1 bar and T ~ 300 K). Subsequent production runs were carried
out in the NVT ensemble with the electric field turned on. We applied
periodic boundary conditions (PBC) in all three dimensions. Long-
range Coulomb interactions are computed using particle-mesh Ewald
(PME) full electrostatics with the grid size set around 1 A in each
dimension. The van der Waals (vdW) energies between atoms were
calculated using a smooth (10—12 A) cutoff. The temperature T was
maintained at 300 K using the Langevin thermostat®' to all atoms in
the SiO, membrane. The pressure was kept constant at 1 bar using the
Nosé—Hoover method.*” With the SETTLE algorithm43 enabled for
all bonds, the simulation time-step was 2 fs for bonded and
nonbonded (eg, vdW, angle, and dihedral) interactions, and long-
range electric interactions were calculated every 4 fs. During the
simulation for melting and quenching the SiO, solid, the BKS force
field** was applied for the amorphous SiO, nanopore. We used the
TIP3P model***® for water and the standard ion force field*” and silica
force field for the solid membrane interacting with biomolecules.*®
The force field for the graphene nanosheet was adopted from our
previous study;'> the CHARMM force field*> was used for POPC
lipids.

Materials and Reagents. The graphene oxide (GO) was
purchased from Chengdu Organic Chemicals Co. Ltd, Chinese
Academy of Sciences (Chengdu, China). The size (diameter) of each
GO nanosheet varies from 0.5 to 3 um. The lipid, 1,2-
diphytanoylphosphatidylcholine (DPhPC), was purchased from Avanti
Polar Lipids (Alabaster, AL). All the other chemicals were obtained
from Sigma-Aldrich (St. Louis, MO)).

Bilayer Experiment and Electrical Recording. The bilayer
experiments were performed in a planar bilayer chamber, which was
separated into two compartments by a Teflon film, and the lipid
bilayer was formed at a 156-ym-diameter aperture of the Teflon film
using DPhPC according to the Montal—Mueller method.*’ All the
experiments were carried out in the chamber with 2 mL of buffer
solutions added in each compartment containing 1 M NaCl and 10
mM Tris-HCI (pH 7.5). The higher ion concentration than the one
(0.15 M) used in simulation can enhance the ionic current through the
pore®® achieving improved signal-to-noise ratios and meanwhile can
screen charges of membrane/GO at pH 7.5. GO nanosheets were
added to the grounded cis compartment. An Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA) was used to record the ionic
currents that were low-pass filtered with a built-in four-pole Bessel
filter at 2 kHz and sampled at 50 kHz by a computer equipped with a
Digidata 1440A converter (Molecular Devices).
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