Open Access Article. Published on 25 January 2016. Downloaded on 4/3/2026 5:08:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Nanoscale, 2016, 8, 4134

Received 9th October 2015,
Accepted 21st January 2016

DOI: 10.1039/c5nr07003a

www.rsc.org/nanoscale

Introduction

Ceo fullerene localization and membrane
interactions in RAW 264.7 immortalized
mouse macrophages+

K. A. Russ,® P. Elvati,” T. L. Parsonage,“® A. Dews,® J. A. Jarvis,“® M. Ray,?
B. Schneider,? P. J. S. Smith,“% P. T. F. Williamson,“® A. Violi®® and M. A. Philbert*?

There continues to be a significant increase in the number and complexity of hydrophobic nanomaterials
that are engineered for a variety of commercial purposes making human exposure a significant health
concern. This study uses a combination of biophysical, biochemical and computational methods to probe
potential mechanisms for uptake of Cgg nanoparticles into various compartments of living immune cells.
Cultures of RAW 264.7 immortalized murine macrophage were used as a canonical model of immune-
competent cells that are likely to provide the first line of defense following inhalation. Modes of entry
studied were endocytosis/pinocytosis and passive permeation of cellular membranes. The evidence
suggests marginal uptake of Cgq clusters is achieved through endocytosis/pinocytosis, and that passive
diffusion into membranes provides a significant source of biologically-available nanomaterial. Compu-
tational modeling of both a single molecule and a small cluster of fullerenes predicts that low concen-
trations of fullerenes enter the membrane individually and produce limited perturbation; however, at
higher concentrations the clusters in the membrane causes deformation of the membrane. These
findings are bolstered by nuclear magnetic resonance (NMR) of model membranes that reveal defor-
mation of the cell membrane upon exposure to high concentrations of fullerenes. The atomistic and NMR
models fail to explain escape of the particle out of biological membranes, but are limited to idealized
systems that do not completely recapitulate the complexity of cell membranes. The surprising contri-
bution of passive modes of cellular entry provides new avenues for toxicological research that go beyond
the pharmacological inhibition of bulk transport systems such as pinocytosis.

sub-cellular size of nanomaterials provide the significant
potential for unanticipated and potentially adverse inter-

Increasingly, nanomaterials such as Cgo fullerenes are incor-
porated into a wide variety of consumer products including
sporting goods and batteries and are under review by the U.S.
Food and Drug Administration and other agencies for approval
in a broad array of drugs, medical devices, and consumer pro-
ducts. In comparison to bulk material of the same chemical
composition, the inherent larger surface area per volume and
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actions with biological components."?

Icosahedral in shape and with molecular diameter of
approximately 1 nm, Cg, fullerenes are aromatic structures
with m-orbital electrons that are readily donated for radical
scavenging at biological pH,"” and are known to interact with
cells. For example, the chemical attachment of drugs such as
Paclitaxel and Doxorubicin to Cg, fullerenes has under experi-
mental conditions improved pharmacokinetics and putatively
enhanced therapeutic properties.” Similarly, Doxorubicin
bound to fullerenes displays increased solubility when com-
pared to the drug alone.”

Aside from the potential for occupational exposures, fuller-
enes are produced by a wide array of naturally occurring events
such as volcanic eruptions and wildfires and are produced by
anthropogenic sources that employ low-temperature combus-
tion of fossil fuels. Release of fullerenes into the atmosphere
may result in widespread exposure to humans through the
inhalation route.® Due to their small aerodynamic radii these
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particles gain access to the alveolar space and resident macro-
phages on the airway surface. Nanomaterials with an effective
aerodynamic radius of 0.1-1 pm are sufficiently small to cross
the alveolar epithelium and enter the adjacent bloodstream
and circulating monocytes. Larger clusters of nanomaterial
(>1 pM) exit the lung via the mucociliary escalator and may
travel from the esophagus to the gut, through which they
encounter the enteric immune system.”

Therefore, a greater understanding of interactions between
nanomaterials and the various components of the innate
immune system will enable the creation of better predictive
models of adverse outcomes following exposure. As the barrier
between the intracellular and extracellular compartments, the
lipid membrane is an important structural component of cells.
Investigations into the mechanisms by which nanomaterials
interact with the lipid membrane, however, are challenging.
Essentially every aspect of the nanomaterial, particularly com-
position and surface chemistry, affects the way it interacts with
the lipid membrane. Size, shape, charge, presence of func-
tional groups on the structure, protein corona formation, and
ability to interact with receptors on the cellular surface for
endocytosis are factors that determine the entry mechanism
and rate of entry of the nanomaterials into the cell.®

Current research into the behavior of nanomaterials in bio-
logical systems, especially within the lipid membrane, has
been limited by the ability to identify and track the nano-sized
aggregates with currently available imaging technology. Due to
the extremely small scale of the material and the complexity of
living systems, in this paper we report on a three-pronged
approach to determine the cellular distribution of Cg, fuller-
enes with a particular focus on their interaction with the lipid
membrane. In vitro experiments in RAW 264.7 immortalized
mouse macrophages via biochemical/cytochemical techniques
and biophysical measurements of model membranes via NMR
are cross-referenced with computational models of nano-lipid
interactions.

Methods

Physical characterization of pristine and functionalized
fullerenes

Pristine fullerenes have very low solubility in water (<10™° mg
L") and in the past they have, with some controversy, been
dissolved in solvents such as tetrahydrofuran (THF) or have
been replaced by functionalized fullerenes.’ Solvents are not
an ideal vehicle for fullerenes due to their inherent toxic
potential.'® Functionalization of fullerenes with hydroxyl
groups or polyethylene glycol, for example, increases solubility
but alters the way the nanomaterial interacts with biological
systems.> In this study fullerenes were prepared via the
method of Deguchi et al.'* and Spohn et al.*> Specifically, this
study combined the solvent exchange method with centrifugal
filtration, which has been shown to remove major by-products
tetrahydro-2-furanol, y-butyrolactone, and peroxides identified
in samples prepared in THF by solvent exchange.'>"? This two-
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step method yielded the advantage of producing pristine or
Tb@Cs, fullerenes in water, without the contamination of THF
byproducts that may unnecessarily produce skew the results of
biological studies by the formation of chemically-induced
radical species.

Full characterization of the Tbh@Ces, was performed and
results were compared with pristine Cg, fullerenes to confirm
that the Tb@Cg, is a proper substitute. We did this compari-
son with two separate methods: a Malvern Zetasizer was used
to determine zeta potential and aggregate size; a Nanosight
LM 14C was used to determine and compare the aggregate size
of terbium particles and fullerenes. Cg, fullerenes prepared on
three separate days were analyzed for charge and aggregate
size on each instrument.

Cell culture

RAW 264.7 immortalized mouse macrophages were obtained
from American Type Culture Collection. They were maintained
in Dulbecco’s Modified Eagle Medium with 10% fetal bovine
serum and 1% penicillin-streptomycin-glutamate solution.
The cells were grown at 37 °C and 5% CO,. Cells were utilized
until passage 30. Cell culture used both pristine fullerenes and
terbium endohedral fullerenes.

Transmission electron microscope imaging

In order to obtain an initial perspective of the interaction
between Cg, fullerenes and lipids in RAW 264.7 immortalized
mouse macrophages, TEM studies were utilized. RAW 264.7
cells were allowed to attach to the culture dish overnight. Sub-
sequently, cells were dosed with 0.1 and 0.36 pg mL™'
terbium-endohedral Cg, fullerenes for 8 hours. They were fixed
at 8 hours with glutaraldehyde and sodium phosphate buffer
and refrigerated overnight. We took one precautionary step to
preclude a likely procedural mishap. Specifically, cell pellets
were not post-fixed with osmium tetroxide or counterstained
with lead-citrate or uranyl-acetate to prevent the artifact of
heavy metal nanometer-sized precipitates. Instead, cell pellets
were dehydrated in graded alcohols, cleared, and embedded
with epoxy resin for cutting of ultra-thin sections (about 45 nm
thickness) in preparation for viewing on a Philips CM-100
transmission electron microscope. (This work was facilitated
by the University of Michigan Microscopy and Image Analysis
Team.) After the RAW 264.7 cells were dosed and processed as
mentioned above. Size-distribution and morphology of Cg,
clusters was achieved by suspending terbium-endohedral Cg,
in water, drying on a TEM grid, and imaging on a Phillips
CM-100 TEM.

Inhibition of endocytosis

The role of pinocytosis, endocytosis and phagocytosis in the
cellular uptake of Cq, was investigated using classical pharma-
cologic inhibitors (200 uM genistein for 30 minutes, 10 pg mL ™"
chlorpromazine hydrochloride (HCL), or 5 pg mL™"' cyto-
chalasin A)."*7'°

Fullerene suspensions were added at a concentration of
4 pg mL™" and incubated for 3 hours. Cells were fixed with 4%
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paraformaldehyde and stained with DAPI and antibodies
against fullerenes and clathrin. The fullerene antibody was
conjugated to Dylight 594. The clathrin secondary antibody
was conjugated directly to FITC. Wide-field microscopy was
performed with an Olympus IX-81 Disk Scanning Biological
Microscope Imager, with an RGB plugin to quantify the
amount of fullerene aggregates in the images. Fullerene aggre-
gates were counted in four images of each inhibitor and four
images of control cells exposed to only fullerenes. In each
image, seven cells were assessed and the mean amount of red
pixels in the images was calculated. Antibodies for Cq, were
obtained from Santa Cruz Biotechnology, Inc., Dallas TX.

Freeze fracture

To visualize the fullerenes within the lipid membrane, we
employed freeze-fracture TEM. RAW 264.7 cells were allowed to
attach to culture flasks overnight. Cells were dosed with 0.5 pg
mL™" terbium-endohedral fullerenes for 8 hours. They were
fixed with glutaraldehyde and shipped to NanoAnalytical
Laboratory for TEM imaging.

Preparation of vesicles containing Ce,

A lipid precursor was manipulated and exposed to fullerenes
as follows: 10 mg of d3;-POPC (Avanti Polar Lipids, US) were
dissolved in 1 mL of chloroform/methanol (1:1), dried under
a stream of nitrogen gas to form a thin lipid film, and then left
under high vacuum overnight to remove trace amounts of
solvent. The samples were rehydrated with either 30 pL double
distilled water, 30 pL of 10.09 pg mL™' of Cg, in water, or
300 pL of 10.09 pg mL™" of Cg, in water. All samples were then
subjected to five freeze/thaw cycles interspersed with vortexing.
The samples were then lyophilized overnight, and then rehy-
drated with 30 pL of double distilled water and subjected to
another five freeze/thaw cycles interspersed with vortexing.
The samples were then transferred to a 4 mm, magic-angle
spinning rotor for solid-state NMR studies.

Nuclear magnetic resonance spectroscopy

All NMR studies were conducted on a Chemagnetics Infinity
400 MHz spectrometer equipped with a 4 mm, double-reson-
ance, magic-angle spinning probe head. The sample tempera-
ture was calibrated using a methanol standard as previously
described.'” Static *'P NMR spectra were recorded at
161.1 MHz using a Hahn-Echo pulse sequence with n/2 and
7 pulses of 5 ps and 10 ps duration, respectively, and an inter-
pulse delay of 40 ps. During the echo and acquisition, 60 kHz
continuous-wave proton decoupling was applied. Typically
1024 scans were acquired for each spectrum. Static *H NMR
spectra were recorded at 61 MHz using a quadrupolar echo
sequence with 7/2 pulses of 5 ps and an inter-pulse delay of 50
s. Typically 8192 scans were acquired for each spectrum. The
3P and *H spectra were referenced to 85% H;PO, and DO,
respectively. All data processing was performed in matNMR."®
Prior to Fast Fourier Transform, *'P and ?H free induction
decays left shifted to the top of the echo with 75 Hz and 250
Hz line broadening added, respectively.
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The spectra were Depaked using a weighted Fast Fourier
Transform algorithm'® and custom-written routines in Matlab

(Mathworks Inc.). The observed quadrupolar splitting’s (vo')

were used to calculate the order parameters (Scp') directly:*°">
s i 4 ADQ
cp =5 Static
3 Avg

where V3¢ is the static quadrupolar coupling constant (e*qQ/

h), which is 167 kHz for a paraffinic C-D bond.** The order
parameter profiles were constructed based on previously pub-
lished assignments.* Indeed, to quantify changes along the
length of the acyl chains, we constructed order parameter pro-
files whereby the mobility of a given CD, group as character-
ized by the order parameter, Scp, is plotted as a function of its
position along the lipid chain.*

Moment analysis was performed using a custom-written
routine in Matlab (Mathworks Inc.). The nth moment is calcu-
lated as:

Js @"S(w)dw
Js. S(w)dew

n =

where w is the frequency and S(w) is the signal intensity at a
given frequency.”®

Molecular dynamics simulations

The NAMD software®” was used to perform MD simulations
together with the PLUMED plugin®® for free-energy reconstruc-
tions. Atomic interactions were modeled by using CHARMM
force field: CHARMM36>° for the lipids, CGenFF*° for fuller-
enes, and TIP3P*' for water. A time step of 2 femtoseconds (fs)
was used to integrate all the forces except for columbic inter-
actions, which were computed every 4 fs with the particle
mesh Ewald method®? by using cubic functions on a 0.1 nm
grid with a tolerance of 107°. A cutoff of 1.2 nm was employed
for intermolecular forces and the potential was smoothed
from 1 nm to the cutoff distance using the X-PLOR?® 40 switch-
ing function, to avoid truncation effects. All the hydrogen
bonds were kept rigid during the simulations with the
SHAKE®* algorithm.

A temperature of 310 K was maintained via a Langevin
thermostat with a 20 ps™* dumping coefficient, while the pressure
of 1.01325 bar was imposed with the Nosé-Hoover Langevin
piston method***® with a time constant of 100 fs for the
pressure and 50 fs for the barostat temperature. Since the
systems are inherently anisotropic, during production runs the
dimension of the periodic box normal to the bilayer was
allowed to vary independently from the other two axes (NPsT
ensemble).

Free-energy landscapes were reconstructed by employing
the well-tempered Metadynamics algorithm.?” Gaussians with
an initial height of 0.3 kcal mol™* were deposited every 0.5 ps,
and bias factors between 20 and 35 were used depending on
the system.

The initial configuration of lipid bilayers was produced
with CharmmGUI*® and then equilibrated for 20-40 ns with a
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mix of NVT and NPsT simulations. In order to place the Cgq
cluster in the membrane, a cavity was gradually created in the
center of the bilayer. After the cluster was inserted in the
cavity, the system was equilibrated again.

Results and discussion

Regardless of the route of administration, nanomaterials
entering the body will interact with cells of the innate immune
system. The innate immune system is a nonspecific defense
system that uses its component cells (macrophages, dendritic
cells, neutrophils, mast cells, and natural killer) to identify,
neutralize and dispose of particulate matter that may infect or
otherwise damage the various internal compartments of the
body. By contrast, the adaptive immune system uses a series of
receptors that recognize specific antigens to recognize known
threats such as microbial and other particulate stressors.*®
Nanomaterials that enter the body via the airway or blood will
by virtue of diffusion (e.g., the surface of the lung or in the vas-
cular system) most commonly interact with macrophages in
the alveoli or bloodstream. If recognized as foreign by the
macrophage, uptake of the nanomaterial by the cell will
depend on its physicochemical characteristics such as size,
shape, surface charge, and surface functionalization. In
general, larger nanoparticles or nanoparticles with a surface
charge are more quickly recognized as foreign in comparison
to smaller nanoparticles or neutral nanoparticles, respect-
ively.”’ In addition to the original composition of the nano-
material, protein interactions with relatively large (>50 nm
hydrodynamic radius) clusters or agglomerates of the nano-
material that result in stable adsorption of a protein corona
alter interactions with the innate immune system. Such larger
agglomerates may more freely interact with plasma proteins
such as fibrinogen and albumin, further increasing overall
size, altering surface charge, reactivity (i.e., passivation of
chemical surface of the nanomaterial while ‘opsonizing’ the
surface making it biologically recognizable by cell surface
receptors), and composition of the agglomerate. Such altera-
tion of the nanomaterial surface may therefore confer on the
nanomaterial those biological traits that allow interaction with
cell surface receptors.*' If the nanomaterial is recognized as
foreign, the macrophage will engulf and attempt to degrade
the foreign material using a battery of oxidizing strategies that
are effective against the usual microbiological threats to the
body.*® However, relatively little is known about the fate and
transport of smaller agglomerates or individual nanoparticles
(<50 nm hydrodynamic diameter) that are unable to have
meaningful biochemical/physical interaction with macro-
molecules and are, themselves, sufficiently hydrophobic to
enter the cell.

For this multifaceted study, we employed both pristine Cgq
fullerenes and functionalized fullerenes, of which the latter
are required for imaging, particularly transmission electron
microscope (TEM). For the functionalized fullerenes, we
chose terbium-endohedral fullerenes Tb@Cg, since these
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compounds contain terbium in their core, resulting in an elec-
tron-dense spot in the TEM images. We characterized the
Tb@Ceo nanoparticles with comparison to pristine Cg, fuller-
enes by determining zeta potential and aggregate size. The
mean surface charge (zeta potential) of the Cgo fullerene was
—44.3 mV, and the Tb@Cgo’s was —64.3 mV. The first value is
in line with previous observations,*>** while the endohedral
fullerene shows an increased propensity to accumulate a nega-
tive charge. The most likely explanations for these findings are
related to the comparatively big electron cloud surrounding
the Tb atom, which has a radius between 0.177 and 0.1 nm
(depending on the oxidation state and the definition used).
Our analysis does not allow for a clear description of the
phenomenon, which may for example be caused by a preferen-
tial aggregation of anions on the Tb@Cs, surface or by charge
transfer (both inter- and intramolecular). However, we don’t
expect that the increased average negative charge would reflect
in a markedly distinct behavior when it comes to interactions
with cells or aggregation, as in both cases the values indicate a
similarly stable dispersion of nanoparticles. A confirmation of
this assumption comes from the comparable size of the aggre-
gates, as measured by the Malvern Zetasizer: Cgo and Tb@Csg
aggregates had an average hydrodynamic diameter of 91.13
and 99.31 nm, respectively (see Fig. S1 of the ESIT). The Nano-
sight LM 14C indicated an average hydrodynamic radius of
55.179 + 34.16 nm (standard deviation) and 63.765 =+
24.46 nm, respectively (Fig. 1). The results show slight differ-
ences in measurements by the two instruments. This differ-
ence can be attributed to the tendency of the Zetasizer to skew
towards larger aggregates. Regardless, the size determinations
as well as the zeta potential determination suggest that the
aggregates are similar; therefore, Tb@Csg, is a reasonable sub-
stitution for Ce, fullerenes for the purpose of imaging.

To determine the uptake and localization of fullerenes, we
exposed RAW 264.7 immortalized macrophages to Tb@Ceo.

100 T .
e 80 1
£
8
a 60 B T
2
% 40t ]
3
< 20} 1
0
C60 C60/Tb
Particle Type

Fig. 1 Characterization of Cgg fullerenes and terbium-endohedral full-
erenes. Nanosight analysis of Cgg fullerenes and Tb@Cgo aggregate size:
Ceo fullerene aggregates were approximately 55.179 nm with a standard
deviation of 34.16 nm. Tb@Cgo aggregates were approximately
63.765 nm with a standard deviation of 24.46 nm.
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This cellular exposure, at two different concentrations (0.1 pg
mL ™" and 0.36 pg mL~" of Cg), was followed by TEM analysis
of Tb@Csg distribution. Medium power electron microscope
images of fixed cells in the absence of lead citrate and
uranium acetate stains (which themselves deposit nanometer
scale, electron dense crystals) do not provide compelling evi-
dence that bulk transport of Cg, nanoparticles is effected
through phagocytosis or macropinocytosis (Fig. 2). However,
several Th-enhanced clusters of Cg, are readily observed either
without membranous investment in the cytosol (Fig. 2B), in
close proximity to, or apparently integrated into cell and
nuclear membranes (Fig. 2B and C). Analysis of epifluorescent
images taken from cells preincubated with Cg, and detected
with a monoclonal antibody raised against pristine Cgo
enabled detection of cytoplasmic clusters of nanomaterial.
Pharmacologic inhibition of endocytosis and macropinocytosis
further confirmed minimal involvement of these membrane-
mediated mechanisms of cellular uptake (Fig. 3). However, spec-
tral analysis of images shows the entry of Cg, clusters into the
cytoplasm by other mechanisms. While it is possible that indi-
vidual particles (<1 nm hydrodynamic diameter) could plausibly
pass through channels or pores, it is unlikely that the larger
clusters or agglomerates (as large as 80 nm) could take advan-
tage of this pathway. The limitations of epifluorescent
microscopy and spectroscopy permit acquisition of signal
emitted from both large and small aggregates of Cgo. However,
the main focus of this manuscript is individual, and small clus-
ters of Cep in the range <5 nm: a size that has been postulated
to account for the largest fraction of particles in most prep-
arations of commercially available nanomaterial.** By contrast,
caveolae are estimated to be about 50 nm in diameter*>*® and
induce membrane invaginations with a minimal radius of cur-
vature >90 nm.*” Therefore, it is widely accepted that (at least
for caveolin), materials need to be about 100 nm in diameter to
trigger this important transport mechanism.
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Nanoscale

To further elucidate the observed interaction between the
lipids of the cellular membrane and the fullerenes, freeze-frac-
ture TEM was applied to cells dosed with Tb@Csg, to visualize
the fullerenes within the lipid membrane. Results are reported
in the ESI, Fig. S2.1 The fullerenes from the extracellular side
appear to be entering the cytosol. We see aggregates of fuller-
enes in close proximity to the membrane as well as in the
membrane space.

Therefore, the observed proximity of Ce, aggregates to lipid
membranes prompted investigation of the role of nano-lipid
interactions. Using thermodynamically-driven  atomistic
models of an idealized lipid bilayer and confirmed by NMR
analysis, the potential for passive diffusion as a major contri-
butor to cellular Cg, loads was examined.

Molecular dynamics (MD) simulations were utilized to gain
insights on the interactions of a cellular membrane with nano-
particles. A fully hydrated symmetric lipid bilayer of 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC) in the
presence of a single Cgo as well as agglomerates of Cgy mole-
cules was analyzed. The interactions between a single Cgo
molecule and the membrane were evaluated by computing the
free energy (FE) as a function of the projection on the bilayer
normal of the distance between the Cg, molecule and the
center of the bilayer. Fig. 4 reports the reconstructed FE profile
of the permeation of a single Cq, in the POPC bilayer. Cg, is
readily absorbed into the hydrophobic part of the lipid bilayer
with a marked increase in the stability of the system (approxi-
mately 30 kcal mol™") and with minimal disruption of the
hydrophobic environment. The preferred location (minimum
of the FE profile) does not correspond to the center of the
bilayer, but is shifted from the central plane towards the lipids
headgroups by 0.4-0.6 nm. This distance corresponds to the
position of the 9th and 10th carbon of the saturated alkyl
chains of POPC, as shown by plotting the equilibrium distri-
bution of the atoms’ distance from the bilayer middle plane

Nucleus

Fig. 2 No contrast transmission electron micrograph of RAW 264.7 immortalized macrophages containing terbium-endohedral Cgo. (A) High con-
trast clusters of Cg (inside with circles) are observed in membrane-bound structures and scattered “free” throughout the cytoplasm. (B) Higher
power no contrast TEM shows two major clusters of Tb@Cgg adjacent to the cell membrane (upper left) and not bounded by lipid membrane in the
cytosol. (C) High power examination of the nuclear envelope (dotted line) reveals membrane-associated clusters that are not contained in classical

phagocytotic structures.
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Fig. 3 Epifluorescent images of immortalized RAW 264.7 macrophages
showing lack of role for endocytosis in cellular accumulation of Cgg. (A)
Baseline uptake was established following 3 h exposures to Cgp, and a
monoclonal antibody (red) was used to detect and quantify uptake. The
effect of classical inhibitors of active membrane-mediated processes for
cell entry was determined in the presence of (B) chlorpromazine (cla-
thrin-mediated endocytosis), (C) cytochalasin A (F-actin polymerization)
or (D) genistein (caveolin-mediated endocytosis, macropinocytosis and
phagocytosis). (E) Statistical analysis of images supports diffusion rather
than endo-/phagocytosis as the major route by which small clusters of
Ceo enter the cell membrane and cytoplasm. The apparent lack of stat-
istically significant diminution in the uptake of Cgo induced by the
pharmacologic inhibition of clathrin/caveolin-mediated endocytosis
suggests that a significant quantity of material enters the cell through
other mechanisms.

(Fig. 5). The results indicate the permeation process is thermo-
dynamically favored and barrierless.

To highlight the differences in interactions between the
lipid bilayer with a single or a small cluster of Cg, fullerenes,
we monitored the properties of a POPC membrane when a
cluster of eight fullerenes (approximately 3 nm in diameter) is
present in the hydrophobic region. The cluster markedly per-
turbed not only the acyl chains structure and organization, but
also the disposition of the headgroups, causing a localized
bulging of the bilayer (Fig. 6). This perturbation affects the
entire lipid molecules, but is particularly marked in the region

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Free energy profile of the permeation of a Cgg fullerene into a
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Fig. 5 Distribution of selected carbon atoms of the saturated chain of
POPC. Shown as function of the distance on the bilayer normal. Zero
corresponds to the center of the bilayer.

that extends from the center of the bilayer to the 9th carbon
(about 0.7 nm).

Due to favorable interaction however, fullerene clusters may
be short lived in the hydrophobic region of the membrane.
Since the dissolution of the Cg, clusters could be thermo-
dynamically favored, but slow (relatively to the simulation
scale) and therefore hard to observe with an unbiased MD, we
employed biased MD to study the behavior of the system
during the disaggregation of the C Cg, cluster in the mem-
brane. Namely, we explored the changes associated with a
change of the cluster radius of gyration. With this approach we
are be able to overcome both energetic and kinetic barriers
that may affect the solubility of Cg, fullerenes. The results
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Fig. 6 Small cluster of Cgg fullerenes in a POPC lipid bilayer.

show however, that the aggregates are not a metastable state,
and disaggregation of the clusters is an extremely unlikely
process. As an indicator of adhesion energy, the free-energy
profile (Fig. 7) shows a clear well around the equilibrium
radius (0.915 nm). The energy increases rapidly for small
values of the radius of gyration (<0.9 nm), in agreement with
the low compressibility of the cluster; at higher values (about
1.01 nm, which corresponds to approximately 23 kcal mol™")
we observe a clear change in slope, which corresponds to the
detachment of a single C¢, from the cluster. In all cases we see
the preferential disaggregation of a Cg, situated near the

100
80 — I
60 —

40

AG (kcal/mol)

20

0.8 1 1.2 14 1.6 1.8
ngration(nm)

Fig. 7 Free energy profile of fullerenes with various radii of gyration in
a POPC bilayer. A clear well is identified around the equilibrium radius of
0.915 nm. Energy increases rapidly at smaller radii values and shows a
change in slope at higher values, corresponding to detachment of a
single Cego.
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center of the bilayer, likely due to the lower density of that
region. At even higher values (approximately 1.85 nm), we
observed the detachment of a second Cg, but this process
requires very high energy (about 90 kcal mol™"), making it an
extremely unlikely event. Because the detachment of even one
or two Cgo molecules is a very unfavorable event (23 and
90 kecal mol™", respectively), the disaggregation of a small
cluster of Cg, in the membrane is a very unlikely occurrence.
In conclusion, MD simulations show that particles readily
diffuse into biological membranes. A single fullerene causes
limited perturbation of the membrane, but clusters of Cg
determine bulging and deformation of the membrane. To
further analyze the interactions between nanoparticles and
lipid bilayers, nuclear magnetic resonance experiments were
conducted on vesicles of POPC containing Ce.

Deuterium and phosphorous NMR spectra were recorded to
determine the influence of C4, on the bulk phase behavior of
the POPC bilayers irrespective of the location of the Cg, within
the bilayer as well as their influence on the local structure and
dynamics. To assess how Cg, perturbs the phase behavior of
the lipids*® and assess how its presence alters the structure
and dynamics*®™* of the lipid headgroup we have undertaken
a *'P NMR study of Cg, in lipid vesicles composed of d;;-POPC
vesicles. The *'P spectra of POPC in absence of Cg is shown in
Fig. 8A and is consistent with previous studies, with an axially
symmetric powder pattern characterized by a chemical shield-
ing anisotropy of approximately —30 ppm. The spectrum is
typical for POPC in a liquid crystalline bilayer phase. Because

C)

r T T T 1

50 25 0 -25 -50
3p /ppm

Fig. 8 Phosphorous spectra of POPC vesicles by NMR. Prepared in
the presence of fullerenes, (A) at 0 pg mL™%, (B) 10 pg mL™%, (C) and
100 pg mL™%. Data acquired at 20 °C.
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the addition of Cg to a concentration of 10 pg mL™" (Fig. 8B)
does not cause any significant changes to the *'P spectrum of
the POPC, we conclude that at these concentrations the Cgq
has little effect on the structural (geometric) and dynamics
properties of the headgroups of the bilayer. The *'P spectra of
POPC for increased concentration of Cg, (100 pg mL™") are
reported in Fig. 8C and show a small reduction in the chemical
shielding anisotropy, as evidenced by the n/2 edge of the
powder pattern shifting from —16.18 to —15.77 ppm. Such a
reduction in *'P chemical shielding anisotropy is consistent
with small changes in lipid headgroup geometry or dynamics,
or both.**™>* Qur results therefore, reveal a slight perturbation
in head position (geometry) and dynamics at high concen-
trations. In contrast to studies of surface-modified fullerenes,
such as fullerenols, at the concentrations studied, we see no
evidence for the disruption of the bilayer such as has been
observed for other bilayer systems.>*

Furthermore, the observed changes in the distribution of
intensity in the *'P spectrum reflect differences in the orienta-
tional distribution of the lipids within the sample*®**~” with
an increase in intensity in the low-field region corresponding
to an enhanced probability of lipids aligning with their long
axis parallel to the magnetic field. On the contrary, typical
static *'P NMR spectra of lipid vesicles exhibit a reduced inten-
sity in the low-field region due to the preferred orientation of
lipids with their long axes perpendicular to the applied mag-
netic field, arising from their intrinsic diamagnetic anisotropy.
This observation indicates that at concentration of 100 pg mL ™
the Cgo enhances the rigidity of the membrane reducing its
ability to deform, in this case in response to the applied
magnetic field.

The *H spectra show that the presence of Cg, especially at a
concentration of 100 pg mL™" also results in an increase in
chain mobility, as indicated by the reduction in the width of
the quadrupolar splittings and by the order parameter, Scp.
The order parameter profiles (Fig. 9) obtained for the dj;-
POPC bilayer in presence of 0, 10 and 100 pg mL™" of Cgo,
reveal a small but reproducible concentration-dependent
reduction in order parameter. In absence of Cg, the observed
behavior is consistent with previous research, specifically the
order parameter decreases along the length of the acyl chain,
indicative of the increased mobility typically found within the
center of the lipid bilayer.>* At the lowest Cg, concentration
(10 pg mL™") the reduction is mostly observed at the 9th and
10th position in the chain. At the highest concentration of Cg,
(100 pg mL™") a larger reduction in order parameter is
observed from the 8th carbon to the methyl end of the acyl
chain. Thus, with increasing Cg, concentrations, the sn-1
chains become on average more mobile (Fig. 9). This is con-
sistent with Cg, increasing the disorder and mobility towards
the center of the lipid bilayer.

The agreement between NMR data and simulations
suggests that at the lower concentration, the Cg, molecules
tend to enter the lipid bilayer individually, or possibly as a
pair, causing only a limited alteration in the position of ali-
phatic chains and no changes in the headgroups position. At
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Fig. 9 (A) Order parameter profile for ds;-POPC prepared in the pres-

ence of fullerenes, at 0 pg mL™" (circle), 10 at pg mL™" (square), and
100 pg mL™ Ceq (triangle). (B) Perturbation in order parameter with
respect to vesicles in absence of Cgo. Data acquired at 20 °C.

higher concentration of Cgy, the agreement between the
observed Scp plot and the perturbation of the bilayer com-
puted with MD (Fig. 6) suggests the presence of aggregates
inside the bilayer.

As a consequence of the induced disorder in the lipid
chain as function of the concentrations of nanoparticles, we
hypothesized a shift in the phase transition temperature
toward lower values. This hypothesis was explored with deu-
terium NMR studies at different temperatures (Fig. 10). As the
temperature increases, we see a progressive reduction in 1st
moment that represents the weighted average deuterium
splitting; it provides a convenient unit with which to para-
meterize the width of the spectra and has been extensively used
to characterize lipid phase transitions.”> At —5 °C a rapid
reduction (occurring in less than 3 °C) in the 1st moment is
observed in POPC bilayers in the absence of the fullerene Cgp.
This rapid reduction arises from the increased chain mobility
associated with the cooperative disordering of the lipid chains
as the lipids pass through the phase transition between the gel
and liquid crystalline phases. The phase transition tempera-
ture is similar to previously reported values for ds;-POPC.>*

Nanoscale, 2016, 8, 4134-4144 | 4141
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Fig. 10 Temperature dependence of the first moment of deuterium
NMR spectra recorded from dz;-POPC in the presence of 0 pg mL™*
(circle), 10 pg mL™* (square) and 100 pg mL™* Cgo (triangle).

Above this temperature, the 1st moment continues to progress-
ively decline as the temperature increases. The addition of the
fullerene Cg, to the bilayers at concentrations of 10 ug mL™"
and 100 pg mL ™" results in a reduction in the phase transition
to —8 °C and —9 °C, respectively, indicative of the Cg, disrupt-
ing the stability of the gel phase. Within the accuracy of the
measurements, the temperature range over which the phase
transition occurs appears insensitive to the concentration,
spanning 3-4 °C in each case, suggesting that the presence of
the Cqo within the sample has no effect on the cooperative
nature of the phase transition. Both above and below the
phase transition, the presence of the fullerene Cg, within the
sample leads to enhanced mobility within the acyl chains as
characterized by a lower 1st moment for a given temperature,
consistently with our initial hypothesis.

Conclusions

The aim of this study was to determine the mechanisms of
uptake of Cgq fullerenes into compartments of living cells, by
using a combination of classical biological, biophysical and
computational techniques. Modes of entry studied were endo-
cytosis/pinocytosis and passive permeation of cellular mem-
branes. Cultures of RAW 264.7 immortalized murine
macrophage were used as model for immune-competent cells.
These cells are well suited to endo-/phagocytosis. Terbium-
endohedral Cg, fullerenes were employed to provide identifi-
cation of individual and clusters of nanoparticles in situ. Using
transmission electron microscopy, particles were observed in
association with or in cell/nuclear membranes as well as
unbound by biological membranes in the cytoplasm of immor-
talized macrophages. Although the cell type chosen for this
study is well suited to endo-/phagocytosis, our experiments
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could not find evidence for a major contribution by this mode
of entry.

Since particles were observed in and close to lipid bilayers
in vitro, we further analyzed the interactions between nano-
particles and lipid bilayers using molecular dynamics simu-
lations. Computational modeling of Cg, interacting with a
POPC lipid bilayers, representative of the cellular membrane,
show that particles readily diffuse into biological membranes
and find a thermodynamically stable equilibrium in an
eccentric position within the bilayer. At low concentrations,
fullerenes enter the membrane individually and cause
limited perturbation; however, at higher concentrations
the clusters in the membrane causes deformation of the
membrane.

These findings are further supported by NMR experiments
of model membranes that reveal deformation of the cell mem-
brane, confirming distortions in membrane morphology that
are consistent with the results of atomistic models. However,
neither the model nor NMR experiments are able to explain
the mechanism of release from lipid bilayers that result in the
presence of unbounded particles in the cytoplasm.

Future studies should be aimed at atomistic and molecular
mechanisms that take into account integral proteins, the glyco-
calyx and other complexities found in living cells. It is also
important to note that higher concentrations of Cg, are
required for detection of nanomaterial in nmr studies. One
possible confounder might be that accumulation in biological
membranes may only occur after saturation of other cellular
depots. Additional studies are required to determine whether
or not prima faciae accumulation of Cg, in the intramembrane
space is of primary biological importance.

This study is the first of its kind that suggests a marginal
role for endo-/phagocytosis in the cellular uptake of Cgo. We
present new evidence of a major contributor to cellular particle
loads through the passive entry and integration of Ce, particles
into biological membranes. NMR and electron microscopy
confirms the ability of C¢, to enter and distort membrane mor-
phology their presence in unbound clusters throughout the
cell. Moreover, though incomplete, the results of this study
provide a plausible mechanism by which particles may inte-
grate into membranes and later escape through as yet un-
identified pathways. The biological significance of these
findings remains to be determined.
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