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ABSTRACT: The interaction of two-dimensional (2D)
nanomaterials with biological membranes has important
implications for ecotoxicity and human health. In this study,
we use a dye-leakage assay to quantitatively assess the
disruption of a model phospholipid bilayer membrane (i.e.,
lipid vesicles) by five emerging 2D nanomaterials: graphene
oxide (GO), reduced graphene oxide (rGO), molybdenum
disulfide (MoS,), copper oxide (CuO), and iron oxide (a-
Fe,0;). Leakage of dye from the vesicle inner solution, which
indicates loss of membrane integrity, was observed for GO,
rGO, and MoS, nanosheets but not for CuO and a-Fe,0;,
implying that 2D morphology by itself is not sufficient to cause
loss of membrane integrity. Mixing GO and rGO with lipid
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vesicles induced aggregation, whereas enhanced stability (dispersion) was observed with MoS, nanosheets, suggesting different
aggregation mechanisms for the 2D nanomaterials upon interaction with lipid bilayers. No loss of membrane integrity was
observed under strong oxidative conditions, indicating that nanosheet-driven membrane disruption stemmed from a physical
mechanism rather than chemical oxidation. For GO, the most disruptive nanomaterial, we show that the extent of membrane
integrity loss was dependent on total surface area, not edge length, which is consistent with a lipid-extraction mechanism and

inconsistent with a piercing mechanism.

B INTRODUCTION

Two-dimensional (2D) nanomaterials are substances with a
thickness of a few nanometers or less, resulting in unique and
technologically useful properties. The reduced dimensionality
of single- to few-layer 2D nanomaterials (i.e, nanosheets)
results in high electron mobility, tunable band structures, and
high thermal conductivity compared to the characteristics of
their bulk material counterparts." These unusual properties
have led to an accelerated development of 2D nanomaterial-
based products in the electronics, optoelectronics, photonics,
and biomedical industries.” Not surprisingly, 2D nanomaterials
are also attracting extensive interest in environmental science,
where applications® ™ and implications”” of nanosheets are
being studied.

The ecotoxicology and environmental impact of 2D
nanomaterials strongly depend on interactions with the
membrane of living cells, which serves as a barrier between
intracellular contents and the surrounding environment.®” "
Several mechanisms for interaction with cell membranes have
been proposed for 2D nanomaterials, including chemical
oxidation and physical disruption.””'" Chemical oxidation
can occur either through the generation of reactive oxygen
species or through direct electron transfer."'™'® Physical
disruption may be initiated via direct contact with 2D
nanomaterials, followed by penetration of the cell mem-
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nanomarial surface,”’” or extraction of lipid molecules.” This
membrane disruption process depends strongly on the
availability and orientation of sharp edges as well as the
mechanical,” morphological,”’ and surface chemical properties
of the nanomaterials.”' >’

A comparison between the proposed mechanisms of
interaction is difficult, as the characteristics of the tested cell
matrix and 2D nanomaterial differed in the various studies. To
address the issue of cell complexity, several studies have
suggested the use of a simplified model system, such as lipid
bilayers, to investigate the critical role of membrane stress
during biomolecule—nanomaterial interactions.”~'" Further-
more, while interaction with cell membranes has been most
extensively studied for carbon-based 2D nanomaterials, such as
graphene and graphene oxide (GO), very few data are available
for other 2D nanomaterials.”*> Hence, there is a need to assess
and compare the origin of cytotoxicity of emerging 2D
nanomaterials.
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In this study, we quantitatively assess the disruption of
phospholipid vesicles with an entrapped fluorescent dye
solution as a surrogate to mimic nanosheet—cell interactions.
Five emerging 2D nanomaterials are characterized prior to and
during interaction with lipid vesicles, demonstrating different
levels of dye leakage (loss of membrane integrity) as well as
different aggregation mechanisms. No loss of membrane
integrity is observed under highly oxidative conditions,
indicating that a physical interaction mechanism rather than
chemical oxidation induces lipid membrane disruption by the
nanosheets. Additionally, the physical interaction of the most
disruptive nanomaterial (GO) and lipid vesicles is found to be
dependent on the surface area rather than the edge. The
findings of this study provide new experimental insights into
the mechanisms of interaction of nanosheets with lipid bilayers,
with implications for the interaction of nanosheets with real cell
membranes.

B MATERIALS AND METHODS

Two-Dimensional Materials. GO nanosheets were
received as an aqueous suspension (6.2 g/L) from a
commercial source (Graphene Supermarket). Different GO
sheet area distributions were obtained by probe sonication™ of
the GO suspension (1 g/L) for 0, 1, 10, and 30 min at high
intensity (6.5 kW/L, Misonix 3000, Misonix Inc., Farmingdale,
NY) while the sample was being cooled in an ice bath to
prevent an increase in temperature during the sonication
process. Reduced GO nanosheets were produced under mild
conditions™ using 1-ascorbic acid (1-AA, Sigma). Specifically,
15 mg of L-AA was added to 15 mL of a diluted aqueous
suspension of GO (1 mg/mL) under vigorous stirring at room
temperature for 4 h.

A chemically exfoliated molybdenum disulfide (MoS,)
nanosheet suspension was synthesized through Li intercala-
tion”* and used within 4 days of preparation. Cupric oxide
(CuO) nanosheets were synthesized via a surfactant-assisted
aqueous-phase method,” while hematite (a-Fe,0;) nanosheets
were grown using CuO nanosheets as a hard template by
adding iron(II) sulfate heptahydrate.”® A detailed description of
the synthesis methods for MoS,, CuO, and a-Fe,O; nanosheets
can be found in the Supporting Information. CuO and a-Fe,0;
nanosheet powders were suspended in deionized water prior to
experiments. All nanosheet suspensions were bath-sonicated for
10 min (26 W/L, FS60 Ultrasonic Cleaner) immediately prior
to characterization and interaction with lipid vesicles.

Characterization of Materials. GO, rGO, MoS,, CuO,
and a-Fe,O; nanosheets were comprehensively characterized
using transmission electron microscopy (TEM) for nanostruc-
ture morphology; atomic force microscopy (AFM) for
nanosheet thickness; the Brunauer, Emmett, and Teller
(BET) method for dry surface area; dynamic light scattering
(DLS) and static light scattering (SLS) for dispersed aggregate
size (presented as diffusive time, or 7, in milliseconds and
corresponding hydrodynamic radius in nanometers) and
morphology; { potential for surface charge in biological
media; and contact angle for hydrophilicity. Further details of
the characterization methods and sample preparation can be
found in the Supporting Information.

Preparation of Lipid Bilayer Vesicles. Lipid vesicles were
prepared via the film rehydration method.”” Monounsaturated
synthetic lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC, Avanti Polar Lipids) (10 mg) in chloroform was
dried in a glass tube under a stream of nitrogen gas to form a

thin film. The DOPC film was placed under vacuum overnight
to remove residual chloroform. The dried film was
subsequently rehydrated with agitation in MOPS buffer (pH
7.5, 50 mM NaMOPS) with S0 mM 5(6)-carboxyfluorescein
(CF, Acros) to form multilamellar vesicles. Extrusion through a
polycarbonate track-etch membrane with a 100 nm pore size
(GE Whatman) using a miniextruder 21 times (Avanti Polar
Lipids) enabled the formation of unilamellar vesicles. The lipid
vesicle solution was passed through a HiTrap desalting column
(GE Healthcare Life Sciences) equilibrated with biological
buffer [SO mM MOPS and 90 mM NaCl (pH 7.5)] to remove
CF that was not encapsulated by the lipid vesicles. The
prepared vesicle stock solution had a DOPC concentration of 4
mg/mL and vesicles with an average hydrodynamic diameter of
140 nm, as determined by DLS. The stock solution was used
the day it was prepared.

Dye-Leakage Assay. Dye-leakage experiments were
performed by placing dye-encapsulated lipid vesicles in contact
with suspended nanosheets. The vesicle stock solution was
diluted using a biological buffer [SO mM MOPS and 90 mM
NaCl (pH 7.5)] to obtain a DOPC concentration of 100 mg/L.
The vesicle solution exhibited a low background fluorescence
intensity because of the self-quenching of fluorescence for CF
dye at a high concentration (above ~10 mM).”® Nanosheets
were added to a final concentration of S mg/L to initiate
interaction with the vesicles. Fluorescence was monitored
continually for the first 45 min and following interaction for 1,
2, or 3 h using a spectrofluorometer (Synergy HT, Bio-Tek) at
excitation and emission wavelengths of 485 and 528 nm,
respectively. The normalized fraction of leaked CF was
calculated using

C I-1,

Cowx Lo — o (1)

max max

where C is the CF concentration at a specific time interval, I is
the measured fluorescence intensity at a specific time interval,
and I is the initial fluorescence intensity before the exposure. A
non-ionic surfactant (Triton X-100) was added at a
concentration of 0.5 wt %, solubilizing the lipid vesicles and
releasing all entrapped fluorophore, to determine the total
measured fluorescence intensity, I,,,,, and maximum CF dye
concentration, C_,.. Experiments were also conducted to assess
the effect of oxidative conditions and dye adsorption by
nanomaterials, as described in the Supporting Information.

A kinetic model was developed to gain insight into the
underlying interaction mechanisms of lipid vesicles with the
different nanosheets. Model development assumed a second-
order interaction, with nanosheets and vesicles as the two
“reactants”, and is described in detail in the Supporting
Information. The final equation for the decrease in vesicle
integrity is given as

Ne
N _ %
No 1- <1 - %) exp(—kk,N;t) )

where N/Nj is the relative concentration of undisrupted (i.e.,
dye-filled) lipid vesicles, N, and N; are the initial and final
concentrations of undisrupted vesicles, respectively, k; is the
rate constant for the interaction between vesicles and
nanosheets, and k, is the proportionality constant between
the number of available nanosheet reactive sites and the
concentration of undisrupted vesicles.
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Table 1. Key Material Properties of the 2D Nanomaterials Used in This Study

dispersed aggregate size

approximate nanosheet specific surface DLS size” dispersed aggregate { potential in hydrophilicity
size (dry) thickness (dry) area (dry) (PDI)* morphology (fractal biological media (deg) (water
(nm) (TEM) (nm) (AFM) (m?/g) (BET) DLS 7 (ms) (nm, —) dimension, Dy) (SLS) (mV) (Zetasizer) contact angle)
GO 200—3000 0.8—1.5 490.0 427 1013 (0.14) 2.19 —25.6 + 0.8 18+3
GO 200—3000 3.0-35 <3744 4.69 1130 (0.06) 222 -27.8 + 1.0 58+ 10
MoS, 200—600 3.0-5.0 17.8 0.85—2.28° 180—550° 2.51 -332 + 1.1 65 +7
CuO 200—3000 7.0—15.0 23.0 4.19 1009 (0.0S) 2.08 —6.8 + 1.5 <10
a- 200—-3000 5.0—-10.0 139.0 5.09 1227 (0.06) 2.50 +5.1 + 0.9 <10
Fe,0,

“Dynamic light scattering presented as diffusive time. ®Dynamic light scattering presented as the corresponding spherical hydrodynamic radius
(averaged over a 1 h data collection period). “Polydispersity index. “The adsorption isotherm for rGO was inconsistent, possibly because of the small
surface area induced by aggregation during the reduction process and/or the outgassing heat treatment. “Size range of MoS, nanosheets grown
during a 1 h data collection period (see Figure 2).
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Figure 1. (A) Schematic illustrating the experimental setup, lipid vesicle structure encapsulating a fluorescent dye at high concentration, and possible
mechanisms of interaction between nanosheets and vesicles. (B) Kinetics of leakage of the fluorescent dye from a vesicle (100 mg/L) inner solution
to the extravesicular solution induced by two-dimensional nanomaterials (S mg/L), including fitting to eq 2. (C) Correlation between fluorophore

release and graphene oxide (GO) nanosheet concentration after 1 h of interaction.

B RESULTS AND DISCUSSION

Material-Dependent Loss of Membrane Integrity.
Relevant characteristics of the 2D nanomaterials such as size,
morphology, surface area, surface charge, and hydrophilicity
(indicated by contact angle) are presented in Table 1 and
Figures S1—S4. To study the effects of nanosheets on
membrane integrity, suspended 2D nanomaterials were
contacted with phospholipid vesicles encapsulating a high
concentration of self-quenching CF fluorophore, as illustrated
in Figure 1A. The leakage of the fluorescent solution into the
extravesicular solution because of membrane damage elimi-
nated self-quenching and led to a linear increase in fluorescence
over the range of interest [0—15 uM (Figure SS)].

Figure 1B presents the change in fluorophore concentration
in the extravesicular solution with interaction time. The blank
solution (lipid vesicles in a buffer solution) showed a minimal
increase in extravesicular fluorophore concentration, indicating
that the lipid bilayer is impermeable to the charged fluorescent
dye at the time scales investigated. A negligible increase in
extravesicular fluorophore concentration was also observed in
the presence of CuO and a-Fe,O; nanosheets, implying that
these nanosheets did not compromise membrane integrity
under our experimental conditions. The limited interaction of
the two metal oxide nanosheets with lipid vesicles can be
partially attributed to their instability in solution and tendency
to settle, as supported by { potential and continuous DLS
measurements (Table 1 and Figure S3, respectively).

In contrast, vesicle solutions mixed with GO, rGO, and MoS,
nanosheets showed a rapid and significant increase in
extravesicular fluorophore concentration. Interaction of lipid
vesicles with GO nanosheets resulted in the highest degree of
fluorophore leakage (33 = 3%) after contact for 3 h, followed
by rGO (15 + 2%) and MoS, (8 + 2%). Additionally, an
increased GO nanosheet concentration resulted in a linear
increase in the rate of fluorophore release (Figure 1C),
indicating that reactive sites on the nanosheets are consumed
during the interaction, as opposed to catalyzing further
fluorophore release. We note that adsorption of dye to the
nanomaterials was found to negligibly affect our results (Figure
S6).

A greater loss of membrane integrity in the presence of GO
compared to that in the presence of rGO can be interpreted
using previously published results with model bacteria. Akhaven
et al'® suggested an increased level of damage of Gram-
negative bacteria following reduction of GO nanowalls
deposited on stainless steel substrates, which was attributed
to the edge properties of the reduced nanowalls (sharper and
greater charge transfer). However, GO suspensions showed
antibacterial activity for Gram-negative bacteria greater than
that of rGO," similar to our observed trends in a loss of
phospholipid membrane integrity. It was suggested that
different interactions occur for GO and rGO; while GO thin
layers can wrap cells,””*" cells might be embedded in large rGO
aggregates.'” Aggregation of rGO nanosheets was also

DOI: 10.1021/acs.estlett.7b00358
Environ. Sci. Technol. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00358/suppl_file/ez7b00358_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00358/suppl_file/ez7b00358_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00358/suppl_file/ez7b00358_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00358/suppl_file/ez7b00358_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00358/suppl_file/ez7b00358_si_001.pdf
http://dx.doi.org/10.1021/acs.estlett.7b00358

Environmental Science & Technology Letters

7 GO rGO MoS, 1686
T T T T T = T T T UE&DO OO&Q%“’%I T T T T T T T ) T
o]

6} @E‘E Emm 4k @ Q 9 o@aﬁpo 4+ 4 Mixed Population {14458 g)
2 -"E\!:."ﬂ Go @ 3 3
5[ L:ﬂ_..r_E: DL | 0%@ Gz@o ° ] 1’204%8
oo b e : 8
g4 %E Nanosheet-only[ I} Nanosheet-only][ 1963 3 a
~ 0o o3
=] oM «Q
f-“ 3L & 4F o 4+ 1723 n;? »
2| 2@ Mixed population 1]l © © Mixed population 1)L Nago’sh_ee_j—qnly_ 482 % k=3
5] Mixed population 2 ° Mixed population 2 --7 . @ g.
1k | - Vesicle-only ]544 = 8
,,Y?”?'?'?;?,“J Vesicle-only || 2 3=

_I.,,, \I\.\‘ul.\\\n i E & ’;.44;(’_:\&:4\4'.{ F- - —-s-c--+-== ~

0 102030405060 0
Interaction Time (min)

0
10 20 30 40 50 60 0 10 20 30 40 50 60
Interaction Time (min)

Interaction Time (min)

Figure 2. Aggregation kinetics for graphene oxide (GO), reduced graphene oxide (rGO), and molybdenum disulfide (MoS,) nanosheets (S mg/L)
with lipid vesicles (100 mg/L) as determined by dynamic light scattering. Dashed lines represent control measurements for vesicle solutions and for
GO, rGO, and MoS, nanosheet suspensions. Light scattering data are presented as 7 (diffusive time, left vertical axis) and the corresponding
spherical hydrodynamic radius (right vertical axis). Two populations (mixed populations 1 and 2) appear for GO and rGO during interaction with
lipid vesicles, while one population is observed for MoS, when mixed with lipid vesicles.
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Figure 3. Surface area-dependent interaction of nanosheets and lipid vesicles. (A) Representative scanning electron microscopy (SEM) images of
probe-sonicated GO nanosheets drop cast onto a silicon wafer. A GO suspension (1 g/L) was probe-sonicated for 0, 1, 10, and 30 min at a high
power density (6.5 kW/L) while the sample was cooled in an ice bath to prevent an increase in temperature during sonication. (B) Release of dye
from lipid vesicles (100 mg/L) induced by probe-sonicated GO nanosheets (S mg/L). The sheet size (expressed as area) was measured for at least

50 GO sheets from SEM images using Image].

evidenced in our study by an approximately 10-fold decrease in
the specific surface area and a corresponding increase in
nanosheet thickness (Table 1).

Kinetic models were applied to the data presented in Figure
1B to gain insight into potential differences in the underlying
mechanisms of interaction of lipid vesicles with the different
nanosheets. Experimental results of dye leakage induced by
rGO and MoS, agreed well with the second-order kinetic
model (eq 2); however, modeled dye leakage induced by GO
was overestimated at the initial stage of interaction (<45 min).
This result suggests that the interaction of GO with lipid
vesicles has kinetics different from those of a simple second-
order interaction.

Aggregation Mechanisms Differ between Two-Di-
mensional Materials. To further investigate the association
of 2D nanomaterials with lipid vesicles, the aggregation and
dispersion characteristics of nanosheets and vesicles as well as
changes in aggregate size during interaction were determined
by continuous DLS measurements (Figure 2). Because of the
complexity of the mixed system with particles of different
shapes (i.e., spherelike vesicles and sheetlike 2D nanomateri-
als), the change in aggregate size is represented here by the
change in the diffusive time (7), with a greater diffusive time
indicating a larger particle size. Control experiments (ie.,

nanosheets with no vesicles) showed that GO and rGO
nanosheet sizes were stable through the entire experiment and
had similar diffusive times (i.e., similar size). The MoS,
nanosheet size increased with time because of spontaneous
aggregation, indicating that MoS, nanosheets are not stable in
an aqueous suspens1on ! Vesicle size was constant throughout
the experiment and had diffusive times similar to those of MoS,
nanosheets, implying that they are roughly similar in size
(~140—200 nm).

To evaluate the aggregation mechanism during exposure of
lipid vesicles (100 mg/L) to nanosheets (5 mg/L), light
scattering data were collected for 1 h immediately after mixing.
Two size populations were found (simultaneously) during the
interaction of GO and rGO with lipid vesicles. The observed
stable population was attributed to undisrupted lipid vesicles
(tracing the “vesicle-only” control line), while the second
population grew in size with time (to a size even greater than
the nanosheet control), indicating that aggregation was induced
by the interaction of GO and rGO with lipid vesicles. Similar
formation of mixed aggregates was observed following
interaction of GO with bacteria and fungal spores.™

Only one population was found during the interaction of
MoS, with vesicles, because of their similar initial sizes. In
contrast to the graphene-based materials, aggregate size did not
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change with time, indicating stabilization of MoS, nanosheets
induced by lipid vesicles. The stabilization of MoS, versus
aggregation of GO and rGO when mixed with lipid vesicles
suggests that, while each nanosheet material physically interacts
with the lipid vesicles, different interactions that depend on the
chemical composition and physicochemical characteristics of
the given nanosheet occur.

Surface Area-Dependent Physical Interaction be-
tween GO and Lipid Bilayer Vesicles. Proposed mecha-
nisms for disruption of biological membranes by nanosheets
include chemical and physical interactions. The primary
chemical mechanism is oxidative stress."* The effect of oxidative
conditions on the membrane integrity of lipid vesicles was
evaluated in the presence of moderately reactive (H,0,) and
highly reactive (hydroxyl radicals produced by H,0, and
ultraviolet irradiation) oxidant species. We found a negligible
effect on membrane integrity in the presence of the oxidants
(Figure S7), while the inner fluorophore solution was
chemically degraded by hydroxyl radicals. This finding suggests
that our observed fluorophore leakage during interaction with
2D nanomaterials is due to physical membrane perturbation by
nanosheets.

For carbon-based nanosheets, model simulations proposed
two physical interaction mechanisms: (i) lipid extraction
leading to the adsorption of lipids to the nanosheet surface
(ie., surface area-dependent physical interaction)” and (i) a
piercing mechanism forming pores in the cell membrane bilayer
(ie, edge-dependent physical interaction).'® To improve our
understanding of the predominant mechanism, the GO
suspension (our most disruptive 2D nanomaterial) was
probe-sonicated for increasing times prior to interaction with
vesicles. After sonication, the total surface area of the GO
suspension remained constant, while the total edge length
increased because of breakage of GO into smaller nanosheets.
Scanning electron microscopy (SEM) imaging demonstrated
the decrease in nanosheet size (area) with sonication time for a
1 g/L GO suspension (Figure 3A), which directly indicates an
increase in edge density. Figure 3B demonstrates the loss of
vesicle integrity induced by probe-sonicated GO nanosheets (5
mg/L). An increased edge density had no effect on dye leakage,
suggesting that a surface area-dependent physical interaction is
the predominant mechanism, rather than an edge-dependent
mechanism.

The results depicted in Figure 3, together with the observed
asymptotic behavior in Figure 1B indicating consumption of
active sites on the membrane-disrupting nanosheets, support a
mechanism of destructive extraction of phospholipids from cell
membranes,” as this mechanism would be limited by the surface
area available for lipid adsorption. In contrast, the results are
inconsistent with pore formation via a piercing mechanism,
which should increase with edge density.g’18 However, we note
that penetration via sheet edges might be necessary to initiate
the interaction and expose the hydrophobic inner region of the
membrane.”” The surface area-dependent physical interaction
emphasizes the finding that the stability and surface
functionality of nanosheets may play an important role in
interaction with cells. Furthermore, no correlation was found
between the edge density of the different nanosheet types (GO,
rGO, and MoS,) and fluorophore release, while the surface area
concentration loosely correlated with the loss of cell membrane
integrity (Figure S8). Overall, although we have used simplified
membranes that lack the complexity of real cell membranes,*”

lessons learned from our study may provide meaningful insights
into potential interactions of 2D nanosheets with living cells.
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