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chemical, electrical, mechanical, and optical characteristics, which endow these nanomater-

ials with promising applications in a wide spectrum of areas such as electronics and

biomedicine. However, its toxicity on health remains unknown and is of great concern. In the

present study, we demonstrated that graphene oxide (GO) induced necrotic cell death to
macrophages. This toxicity is mediated by activation of toll-like receptor 4 (TLR4) signaling
and subsequently in part via autocrine TNF-c. production. Inhibition of TLR4 signaling with a
selective inhibitor prevented cell death nearly completely. Furthermore, TLR4-deficient bone

marrow-derived macrophages were resistant to GO-triggered necrosis. Similarly, GO did not

induce necrosis of HEK293T/TLR4-null cells. Macrophagic cell death upon GO treatment was partially attributed to RIP1-RIP3 complex-mediated
programmed necrosis downstream of TNF-at induction. Additionally, upon uptake into macrophages, GO accumulated primarily in cytoplasm causing
dramatic morphologic alterations and a significant reduction of the macrophagic ability in phagocytosis. However, macrophagic uptake of GO may not be
required for induction of necrosis. GO exposure also caused a large increase of intracellular reactive oxygen species (R0S), which contributed to the cause of
cell death. The combined data reveal that interaction of GO with TLR4 is the predominant molecular mechanism underlying GO-induced macrophagic
necrosis; also, cytoskeletal damage and oxidative stress contribute to decreased viability and function of macrophages upon GO treatment.
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raphene is a 2D material consisting
Gof a single layer of carbon atoms
arranged in a regular hexagonal
pattern. Since its discovery in 2004, graphene
and its oxidized derivative graphene oxide
(GO) have revealed promising applications
in biotechnology, biomedicine and elec-
tronics.' 3 For instance, works with biofunc-
tionalized GO (such as PEGylated GO) have
demonstrated great potentials in tumor in-
hibition, drug delivery and biosensing.?* To
date, a limited number of studies proposed
that GO is biocompatible to mammalian
cells;? 8 however, studies of its potential
hazard remain inconclusive because of dif-
ferences in materials and in experimental
methodology.®'°
The blood circulation system is an important
barrier against the invasion of nanomaterials
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upon exposure via biomedical applications or
environmental absorption. Blood cells are pri-
marily responsible for governing their traffick-
ing and systemic translocation. Among blood
cells, macrophages are the cardinal cell type in
the immune system responding to foreign
invaders. On one hand, macrophages can
ingest pathogens and destroy them; on the
other hand, macrophages are involved in sys-
temic inflammatory response by secreting in-
flammatory cytokines, and are also associated
with antigen presentation to T cells.” Several
studies have documented the adverse effects
of pristine graphene and GO in erythrocytes
and platelets of blood cells."*'* However,
regarding graphene-mediated cytotoxicity
in monocyte/macrophage, the current un-
derstanding is limited and warrants further
detailed investigation.
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Although limited studies have suggested graphene's
biocompatibility toward macrophages,' there are bur-
geoning data indicating its pro-inflammatory and cyto-
toxic impact on macrophages such as autophagy or cell
death.””™"” Cell death was initially divided into 2 cate-
gories, apoptosis and necrosis, and the latter was con-
sidered as a quick and uncontrolled event. However,
recent studies have demonstrated that necrosis could
also be a concertedly programmed process of cell
death under caspase-compromised conditions.'®~2°
Programmed necrosis usually, but not always, requires
the activation of receptor-interacting protein kinase 1
and 3 (RIP1 and RIP3) in response to a variety of stresses
including oxidative stresses, viral infections and DNA
damage.mm'zz

Toll-like receptor 4 (TLR4) functions as a lipopolysac-
charide (LPS) sensing receptor and is the key component
within the receptor complex that senses bacterial
invaders.® Activation of TLR4 signaling results in
TNF-o-induced programmed necrosis in macrophages.?
In this report, we demonstrated that GO induced macro-
phagic cell death by activating TLR4-dependent pro-
grammed necrosis. GO treatment also resulted in
massive intracellular reactive oxygen species (ROS)
production. Furthermore, GO uptake by macrophages
resulted in disruption of cytoskeleton and reduction
in the ability of phagocytosis. Together these results
establish the mechanisms of cytotoxicity induced by
GO in macrophages.

RESULTS

Necrosis of Macrophages Induced by Graphene Derivatives.
Three types of graphene derivatives were used to
address the biological effect of graphene on macro-
phages: GO, aminated graphene, and carboxylated
graphene with the thickness of about 1 nm and the
size of 1 to 2 um (Figure 1A). All graphene-based nano-
materials used in this work were homogenously dis-
persed in H,0 and culture medium. The zeta potential
of these graphene derivatives indicated that they were
all negatively charged in water (Figure 1B). Moreover,
these graphene derivatives revealed similar zeta po-
tentials in culture medium (Figure 1B), suggesting their
comparable surface charge for them under a biological
setting.

We first assessed apoptosis and necrosis of two
macrophage cell lines J774A.1 and RAW 264.7 upon
exposure to graphene derivatives using flow cytome-
try (FACS) with fluorescein isothiocyanate (FITC)-con-
jugated Annexin V and propidium iodide (PI) staining.
As shown in Figure 2A, PI" necrotic cells were drama-
tically increased in J774A.1 treated with GO, aminated
graphene, or carboxylated graphene (p < 0.001), with-
out significant increase of apoptotic cells (Annexin V"
population). Similar findings were observed in RAW
264.7 cells treated with GO, aminated graphene, or
carboxylated graphene (Figure 2A, p < 0.001). And a
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Figure 1. Characterization of graphene derivatives. (A) Rep-
resentative atom force microscopy (AFM) topography
images of GO, aminated graphene, and carboxylated gra-
phene. The thickness of GO, aminated graphene, and car-
boxylated grapheneis 1.3, 0.8, and 1.2 nm, respectively, and
the size distribution for them similarly ranges from 1 to 2 um.
The arrows in the height profile indicate the thicknesses of
graphene sheets. (B) Zeta potentials of GO, aminated gra-
phene, and carboxylated graphene in H,O and culture
medium.

slight difference was found between J774A.1 and RAW
264.7 in response to aminated graphene and carboxy-
lated graphene (Figure 2A). This difference likely re-
sides in the inherent distinct characteristics of these
two cell lines,**?> which warrants detailed investiga-
tion in the future. In addition, to unveil a potentially
specific effect of graphene on macrophagic cell death,
we used other carbon nanomaterials with different
physicochemcial properties from graphene, i.e., nanopar-
ticulate carbon black and fiber-shaped carboxylated
multiwall carbon nanotubes (MWCNTSs). As shown in
Figure 2A, carbon black and MWCNTs did not trigger
cell death of both J774A.1 and RAW 264.7 cells.
Necrotic cell death is defined as the PI* population
without caspase activation as previously described.'®
We then examined activation of caspase-3, a central
effector of apoptosis,® in J774A.1 cells treated with
GO. We observed the full-length caspase-3 only with-
out cleaved caspase-3 (the activated form) (Figure 2B),
indicating no apoptosis for these cells. In contrast,
staurosporine (STA), which served as a positive control,
activated caspase-3 with a significant induction of
cleaved caspase-3 in J774A.1 cells (Figure 2B). In
agreement with the significant decrease in cell survival
observed in both J774A.1 and RAW 264.7 cells, the
numbers of viable cells decreased dramatically after
24 and 48 h exposure to GO from 10 to 80 ug/mL
(Figure 2C, p < 0.05). In addition, GO inhibited prolif-
eration of J774A.1 and RAW 264.7 cells in a dose-
dependent manner from 2.5 to 80 ug/mL for 48 h
(p < 0.001), as determined by the BrdU incorporation
assay (Figure 2D). Interestingly, we did not observe any
impairment to cell growth and survival of other cell
types including mouse Hepa 1—6 hepatocytes, human
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Figure 2. Reduced cell survival of macrophages exposed to graphene derivatives. (A) Proportions of necrosis and apoptosis in
J774A.1 and RAW 264.7 cells. Cells were treated with carbon black, carboxylated MWCNTs, GO, aminated graphene or
carboxylated graphene at 40 «g/mL for 24 h, and were then collected for FACS analysis of apoptosis and necrosis with FITC-
conjugated Annexin V and Pl staining. The segment in red for each bar refers to the proportion of necrosis, and the segment in
blue for each bar represents the proportion of apoptosis. There were 3 replicates for each group (n = 3), and a set of
representative data was shown in stack column chart. (B) Western blot analysis of caspase-3 activation in J774A.1 cells with
GO treatment at 40 ug/mL for 12 or 24 h. STA at 1 M was used to activate caspase-3. The red arrow indicates the location of
cleaved caspase-3. (C) Cell numbers and (D) BrdU incorporation were determined in cells after exposure to GO at 10, 20, 40,
and 80 xg/mL for 24 and 48 h for cell number counting and 48 h for the BrdU incorporation assay (n = 6).

Hepa G2 hepatocytes, or human MB-MDA-231 breast
cancer cells upon graphene treatment at similar con-
centrations (data not shown). Importantly, we demon-
strated that the concentrations of endotoxin for all
graphene suspensions were about 0.1 EU/mL, less than
the threshold of 0.25 EU/mL,?” demonstrating no sig-
nificant endotoxin contamination in graphene samples
used in our study. These data excluded the possibility
of adverse effects of endotoxin on macrophages.
Together, these data demonstrated that these gra-
phene derivatives impaired cell growth and caused
necrotic cell death in J774A.1 and RAW 264.7 macro-
phages. Among the 3 types of graphene derivatives,
GO induced necrosis to a similar extent in both J774A.1
and RAW 264.7 cells (Figure 2A). Because GO could be
used as a fundamental building block for further
functionalization, such as carboxylated or amine mod-
ified graphene and other graphene derivatives,>2%%°
we therefore selected GO to embark on the mechanisms
underlying graphene-induced necrosis on macrophages.
TLR4-Dependent Programmed Necrosis of Macrophages upon
GO Exposure. Recent studies have suggested a possible
interaction between TLR and graphene, which is likely
responsible for graphene-induced effects on macro-
phages.'’° Moreover, a recent study demonstrated

QU ET AL.

that heme-mediated activation of TLR4 signaling re-
sulted in substantial ROS generation and TNF-a secre-
tion, leading to programmed necrosis on macrophages
in a ROS- and autocrine TNF-dependent manner.?’
Programmed necrosis can be initiated by the ligation
of tumor necrosis factor receptor (TNFR) and the for-
mation of a RIP1-RIP3 complex (necrosome).'®?* To
study whether TLR4 and its downstream molecules
were involved in GO-induced macrophagic necrosis,
we used a selective TLR4 signaling inhibitor (CLI-095) to
block the TLR4 signaling. After 3-h exposure of J774A.1
cells to GO (40 ug/mL), more than 45% of cells under-
went necrosis in comparison to less than 15% of the
untreated control cells (p < 0.001). Most importantly,
pretreatment of cells with the TLR4 signaling inhibitor
CLI-095 (1 ug/mL) dramatically decreased cells death,
as the percentage of necrotic cells was at a comparable
level to that in control cells (p < 0.001) (Figure 3A).
To further establish the role of TLR4 in GO-provoked
necrosis, we examined cell death in bone marrow
derived-macrophages (BMDMs) derived from TLR4-
deficient (TLR4™7) and wild-type (wt) mice. Since
primary macrophages were more sensitive to GO than
J774A.1 and RAW 264.7 cells, BMDMs were exposed to
a lower concentration of GO (20 #g/mL). As shown in
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Figure 3. GO induced macrophagic cell death through programmed necrosis. (A) Percentages of necrosis in J774A.1 cells
upon exposure to 40 ug/mL GO for 3 h in the presence or absence of TLR4 signaling inhibitor CLI-095. (B) Proportions of
necrosis in wt or TLR4~/~ BMDMs upon treatment with GO at 20 ug/mL for 3 h. (C) Necrosis in TLR4-null HEK293T and HEK293/

TLR4 upon exposure to 40 ug/mL GO for 3 h.

Figure 3B, GO greatly promoted necrosis of wt BMDMs
after 3-h exposure to GO; in contrast, TLR4~/~ BMDMs
were resistant to GO treatment. Additionally, we in-
vestigated the cell death of HEK293T cells with no
endogenous expression of TLR4 (TLR4-null) and
HEK293/TLR4 cells which were obtained by stable
transfection of murine TLR4 gene.>' GO exerted little
effect on HEK293T/TLR4-null cells with no induction of
cell death; in contrast, GO greatly provoked necrosis of
HEK293/TLR4 cells by more than 2-fold compared
to untreated cells (Figure 3C, P < 0.001). These results
together indicated that TLR4 was necessary for
GO-induced necrosis. Wei and colleagues recently
demonstrated that the bending stiffness of graphene
is similar to that of lipid bilayers of cells,*? which might
highlight the molecular basis for the interaction be-
tween graphene and biomolecules on cell membrane,
such as proteins. To this end, we would assume that the
fundamental physicochemcial properties (e.g., bend-
ing rigidity and bending stiffness) would account for a
possible interaction between graphene and TLR4.
Since proinflammatory cytokines from macro-
phages are stimulated upon TLR4 activation by its
ligand, such as LPS, we therefore assessed TNF-a
expression in cells upon GO exposure. The induction
of TNF-o. mRNA was >10 fold in cells treated with GO at
40 ug/mL (p < 0.001, Figure 4A), similar to results from
previous studies.'”*® Concomitantly, the protein level
of TNF-a secreted into culture medium was substan-
tially increased in cells treated with GO as determined
by ELISA (Figure S1, p = 0.001). However, this induction
of TNF-a. was largely prevented by pretreatment with
the TLR4 signaling inhibitor (Figure 4A, p < 0.001). The
inhibitor itself had no significant effects on cell death
and TNF-a expression (Figure 4A). It has been shown
that TNF-o-induced programmed necrosis of macro-
phages is often dependent on activation of the RIP1/
RIP3 complex.** RIP3 phosphorylation results in forma-
tion of a tight RIP1-RIP3 complex and further activation
of the complex, leading to initiation of the necrotic
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program.>*3> As shown in Figure 4B, RIP3 was phos-
phorylated in cells upon GO treatment, and the in-
creased phosphorylation of RIP3 could be attenuated
by pretreatment with the TLR4 inhibitor. In addition,
an antagonist of TNF-o/TNF-a. receptor (TNFR), the
WP9QY peptide,*® was used to block the action of
TNF-o. on TNFR. There was approximately 50% reduc-
tion of necrosis for cells simultaneously treated with
GO and the WP9QY peptide, compared to cells treated
with GO only (Figure 4C, P < 0.001), demonstrating that
autocrine TNF-a. was necessary to initiate necrosis in
macrophages. These data suggested that TLR4-depen-
dent TNF-at induction and RIP1/3 activation downstream
of TNF-a were likely the molecular basis underlying
macrophagic necrosis challenged by GO.

It has been reported that TNF-a elicits programmed
necrosis mainly but not exclusively through the activa-
tion of kinases RIP1 and RIP3.3**” %" We also tested the
efficacy of a RIP inhibitor necrostatin-1 (NEC-1, speci-
fically targets RIP1/RIP3)*? in preventing GO-induced
necrosis in macrophages. Pretreatment with NEC-1
could significantly rescue J774A.1 cells from necrosis
with 43% reduction (P < 0.001), and NEC-1 itself has
little effect on cell death (Figure 4D). However, NEC-1
pretreatment could not reduce necrosis to the basal
level as that in the control, consistent with the previous
findings that additional pathways of necrosis indepen-
dent of RIP1/RIP3 may be involved.3~*'

These results together demonstrated that GO pro-
moted cell death of macrophages predominantly
through programmed necrosis, which was closely
dependent on the activation of TLR4 signaling, TNF-a
secretion, and TNF-a initiated programmed necrosis
that involved RIP-dependent and -independent signal-
ing pathways.

GO's Cellular Uptake and GO-Induced Morphological Altera-
tions in Macrophages. We observed pronounced morpho-
logical alterations of J774A.1 cells exposed to 20 ug/mL
GO for 24 h (Figure 5A). There was a large collapse in
cellular body (as shown by arrows in Figure 5A), leading
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Figure 4. Activation of TNF-o-RIP1/3 signaling upon GO treatment. (A) TNF-a expression in J774A.1 cells exposed to GO for
3 hin the presence or absence of TLR4 inhibitor. (B) Western blot analysis of RIP1/3 in J774A.1 cells treated or untreated with
GO for 3 h in combination with pretreatment of TLR4 inhibitor. (C) Proportions of necrotic J774A.1 cells upon exposure to
40 ug/mL GO for 3 h with or without pretreatment of an antagonist of TNF-o/TNFR, the WP9QY peptide. (D) Percentages of
necrosis in J774A.1 cells treated with GO for 3 h with or without pretreatment of NEC-1.

to a significant increase of cell size (~1.6-fold, p < 0.01)
(data not shown). To further delineate the site of collapse,
we stained cytoskeleton with FITC-conjugated phalloidin
(green) and nuclei with 4,6-diamidino-2-phenylindole
(DAPI, blue).** As shown in Figure 5B, collapse occurred
within cytosolic compartment, which caused nuclei to
move to the periphery of cell membrane. There was
significant disassembly of actin fibers with a considerable
reduction in the density of actin meshwork in cells upon
GO treatment compared to the control cells (Figure 5B).
Moreover, the macrophagic characteristic structure of
cells, surface protrusion, was also remarkably affected in
J774A1 cells treated with 20 ug/mL GO for 24 h; the
number of surface protrusions and their actin intensity
were greatly reduced by approximately 30% and 35%,
respectively (Figure 5B and data not shown, p < 0.01). In
agreement with these results, the cytoskeletal disruptive
effect coupled to cell death was also reported for hydro-
xylated fullerene (CgoOHx).**

To further investigate the correlation between cy-
toskeletal disruption and GO exposure to cells, we
localized GO inside cells by the confocal microRaman
spectroscopy. A representative J774A.1 cell exposed to
GO at 40 ug/mL for 24 h with the morphology of a large
collapsed area within the cytoplasmic region was
chosen for the Raman mapping. The merged image
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of the Raman mapping with its corresponding bright-
field morphological image is shown in Figure 5C. For
this study, graphite lattice (G band) at 1577 cm™" and
the disorder band (D band) at 1351 cm™' specifically
represented GO. The Raman spectra were acquired on
3 target points. Point 1 and 2 were located on the core
and the boundary (underneath the cell membrane)
of the collapsed area within the cytoplasmic com-
partment, respectively, and point 3 was randomly
selected on a site outside the cell (Figure 5C). There
was considerable GO accumulation within the collapse
area as evidenced by the enhanced Raman intensity for
point 1 as indicated in Figure 5C, suggesting that GO's
localization correlated to cellular morphological altera-
tions and cytoskeletal damage. Lower Raman intensity
was detected on the border area of the collapse, a site
directly underneath the cell membrane (point 2)
when compared to that of point 1. Importantly, no
Raman signal was detectable outside the cell, demon-
strating an excellent signal-to-noise ratio. In addition,
GO was also visualized within cytoplasm using trans-
mission electronic microscopy (TEM) (Figure S2).
These observations indicated that GO predominantly
accumulated in the core of the cytosolic region, and
that only a small portion of GO was localized on the
border of cytoplasm, consistent with the occurrence
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Figure 5. Morphological alterations of cells and characterization of intracellular GO. (A) GO-induced morphological
alterations of J774A.1 cells at 20 ug/mL for 24 h. Arrows indicate the collapsed areas. Original magnification, x200.
(B) Cytoskeleton staining with FITC-conjugated phalloidin (green) and nuclear staining with DAPI (blue) in cells upon GO
20 ug/mL treatment for 24 h. Two colors are merged together. Arrows indicate the collapse areas. Original magnifica-
tion, x400. (C) Raman mapping based on the intensity of D band at 1351 cm cm ™" of the chosen J774A.1 cell with the
representative morphology of a large collapsed area in response to GO at 40 ug/mL for 24 h. The Raman image is merged with
its corresponding bright-field image. Specific Raman spectrum was acquired from 3 target points. Point 1 and 2 were located
on the core and the boundary (underneath cell membrane) of the collapse area within the cytoplasmic region, respectively,
and point 3 was randomly selected on an acellular area outside the cell. Graphite lattice (G band) at 1577 cm™' and the
disorder band (D band) at 1351 cm ™" are characteristic Raman signatures of GO.

of cell membrane collapse coupled to cytoskeletal
disruption.

GO-Induced Morphological Changes Required the Internaliza-
tion of GO into Macrophages. To further investigate our
hypothesis that GO-induced morphological alterations
to macrophages were dependent on its internalization
and intracellular accumulation, we looked into uptake
of FITC-bovine serum albumin (BSA) labeled GO by
macrophages characterized by FACS and correspond-
ing morphological changes of macrophages during
the time course from 30 min to 24 h. As shown in
Figure 6A, there was an apparent time-dependent in-
crease of intracellular GO accumulation from 30 min to
24 h for both J774A.1 cells and RAW 264.7 cells upon
exposure to 40 ug/mL FITC-BSA labeled GO (p < 0.001).
Macrophages were also incubated with the superna-
tant of FITC-BSA-GO spin-down solution after pelleting
FITC-BSA-GO; however, no intracellular fluorescence
was detected (data not shown). Moreover, no intracel-
lular fluorescence could be observed after incubation
with FITC-BSA solution only (data not shown). These
findings demonstrated that the intracellular fluores-
cence was solely attributed to the uptake of FITC-BSA-
GO. Although this method was not a perfect approach
to determine the absolute amount of GO engulfed by
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macrophages, it could appropriately reflect the kinetic
uptake of GO. We observed membrane collapse start-
ing at 3 h after GO treatment, but not at earlier time
points such as 1 h. More dramatic phenotype was
observed after 6 h (Figure 6B), suggesting that mor-
phological alterations of macrophages closely fol-
lowed GO's uptake.

To further validate the effect of GO internalization
on macrophagic morphological alterations, we per-
formed exposure experiments in Hri~ BMDMs, which
were demonstrated to have significant deficiency in
phagocytosis.*® It has been demonstrated that Hri /=
BMDMs have reduced ability in phagocytosis due to
attenuated macrophagic differentiation,*® we thus
selected this cell model to study the role of macro-
phagic uptake of GO in morphological changes and
necrosis induction. Indeed, there was a significant
difference in the morphological changes between wt
and Hri’~ BMDMs after exposure to 20 ug/mL GO
even for 3 h (Figure 7A). Numerous wt BMDMs harbored
large collapses within the cellular body; in contrast, only a
few Hri~/~ BMDM:s displayed this morphological change
(as shown by arrows in Figure 7A). After GO exposure for
24 h, most wt BMDMs displayed dramatic morpholo-
gical changes with membrane collapses and increased

A N N
VOL.7 = NO.7 = 5732-5745 = 2013 A@@L%{\j

WWwWW.acsnano.org

5737



cellular volume (about 70% increase, p < 0.05); while,
Hri~/~ BMDMs exhibited mild changes with fewer
membrane collapses and a smaller cellular volume change
(about 7% increase) than wt BMDMs (Figure 7A). We also
assessed the intracellular accumulation of GO in wt
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Figure 6. Determination of intracellular GO accumulation
and morphological alterations. (A) FACS analysis of
GO-laden J774A.1 and RAW 264.7 cells after exposure to
FITC-BSA labeled GO at 40 «g/mL at different time points
as indicated (n = 3). (B) Representative images of cor-
responding morphological alterations of J774A.1 cells.
Arrows indicate the collapsed areas. Original magnifica-
tion, x200.

(A)

and Hri~’~ BMDM:s after exposure to 20 ug/mL FITC-
BSA labeled GO for 24 h. Uptake of GO into BMDM:s as
measured by the proportion of GO-laden cells was
reduced by approximately 40% with Hri deficiency
(Figure 7B, p < 0.05), indicating a significant reduction
of GO internalization in Hri "~ BMDMs compared to
wt cells. No significant difference in necrosis was found
between wt and Hri’~ BMDMs upon GO treatment
at different time points (such as at 12 h shown in
Figure 7C), suggesting diminished GO internaliza-
tion could not sufficiently impede cell death. Mean-
while, pretreatment of cells with the TLR4 signaling
inhibitor could not prohibit morphological changes
of macrophages induced by GO (data not shown).
These data clearly demonstrated that GO-mediated
morphological alterations to macrophages were
largely attributed to internalization of GO, and the
absence of Hri could significantly relieve the mor-
phological impairments due to reduced phagocy-
tosis of GO in these cells.

GO-Mediated Inhibition on ROCK Activity and Macrophagic
Phagocytosis. The Rho family of small GTPases plays a
central role in controlling cell morphology and motility,
and ROCK is the principal mediator of Rho activity.**—*®
ROCK governs the fundamental organization and dy-
namics of actin cytoskeleton by phosphorylating a
number of downstream targets.*® Dampened ROCK
activity leads to attenuation in globular actin po-
lymerization, assembly of filamentous myosin hea-
vy chain, and the binding between myosin and
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Figure 7. Morphological alterations and cell death of BMDMs upon GO treatment in Hri deficiency. (A) Representative images
of GO-induced morphological alterations of wt and Hri”~ BMDMs at 20 .g/mL for 3 and 24 h. Arrows indicate collapsed areas.
Original magnification, x200. (B) FACS analysis of GO-laden wt and Hri *~ BMDM:s after exposure to FITC-BSA labeled GO at
20 ug/mL for 24 h (n = 3). (C) Proportions of necrosis in Hri™’* and Hri”’~ BMDMs after exposure to 40 xg/mL GO for 12 h.
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Figure 8. GO impaired cellular ROCK activity and the macrophagic function. (A) ROCK activity in cells upon GO treatment at
10 and 80 ug/mL for 24 h (n = 3). (B) Acellular ROCK activity assay. Two representative wells with corresponding relative values
are shown. (C) GO attenuated the ability of phagocytosis. Representative images from the FACS analysis of J774A.1 cells
engulfing red beads after GO treatment at 1 and 10 ug/mL for 24 h. (D) The average percentage of cells containing red beads,
and the relative fluorescent intensity in red bead-laden cells (n = 6).

filamentous actin (F-actin).*® As shown in Figure 8A,
ROCK activity was decreased significantly in
J774A.1 cells upon GO treatment at 80 ug/mL
(reduction by 53%, p < 0.05) for 24 h compared to
the control. The results from the acellular kinase
assay also demonstrated that GO had a direct
inhibitory effect on ROCK activity (Figure 8B). Thus,
we concluded that reduced ROCK activity after
exposure to GO was correlated with a loss in the
organization of the cytoskeletal scaffold and mor-
phological alterations in macrophages.

Since macrophage plays a critical role in clearing
foreign invaders by phagocytosis, decreased cell via-
bility, induced cell death, and reduced integrity of actin
cytoskeleton upon GO treatment (shown above) might
significantly impair macrophagic ability in phagocyto-
sis. Phagocytosis was quantified by the ingestion of the
amine-modified latex beads in J774A.1 cells. To better
evaluate the effect of GO treatment on macrophagic
function, we chose lower concentrations of GO to
avoid dramatic cell death in the following experiments.
The FACS results showed that the percentage of cells
containing beads was reduced by approximately 25%
and 47% upon 1 and 10 ug/mL GO treatment, respec-
tively, compared to the control (Figure 8C,D, p < 0.05).
Furthermore, the relative intensity of the intracellular
red fluorescence in bead-laden cells was reduced in
GO-treated cells (by 21% and 31% for 1 and 10 ug/mL
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treatment, respectively) in comparison to the control
(Figure 8D, p < 0.01), indicating that the number of red
fluorescent latex beads was fewer in GO-treated cells
than that in control cells. These results demonstrated
that the macrophagic ability in phagocytosis was sig-
nificantly dampened upon exposure to GO, and this
reduced phagocytosis was likely due to GO-induced
damage to cytoskeleton and also cell viability as
described above.

GO Induced Oxidative Stress to Macrophages. Since activa-
tion of TLR4 signaling and uptake of foreign particles
into macrophages could trigger oxidative stress,**>"
we thus measured intracellular ROS content in macro-
phages after GO treatment. There was a significant
increase in ROS levels as measured by DCF fluores-
cence upon GO treatment over time from 10 minto 6 h
(Figure 9A, p < 0.05). Even only for 10 min at a low
concentration of 10 ug/mL, the DCF fluorescence
increased about 1.8-fold in J774A.1 cells treated with
GO compared to the control (Figure 9A, p < 0.001).
Additionally, there was a dramatic increase of the DCF
fluorescence as GO concentration increased from
10 to 80 ug/mL (p < 0.001, Figure 9A). A similar intra-
cellular ROS generation profile induced by GO was also
observed in RAW 264.7 cells (Figure 9A).

We also determined mitochondrial superoxide pro-
duction in GO-treated cells using MitoSOX red with
FACS. MitoSOX red is a novel fluorogenic indicator
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Figure 9. GO induced oxidative stress in macrophages. (A) Relative DCF fluorescent intensities reflecting the intracellular ROS
generation upon GO treatment at various concentrations at different time points in J774A.1 cells and RAW 264.7 cells (n = 6).
(B) Mitochondrial superoxide assay in J774A.1 and RAW 264.7 cells in response to GO at 40 xg/mL at different time points as
indicated (n = 3). (C) Proportions of necrotic cells upon removal of intracellular ROS. J774A.1 and RAW 264.7 cells were treated
with GO at 40 ug/mL for 3 h with or without pretreatment of NAC (n = 6).

for measuring superoxide (O,) in mitochondria of live
cells, and is also used to determine the level of oxidative
stress triggered by nanomaterials.***®> As shown in
Figure 9B, GO caused a significant time-dependent
increase of MitoSOX red-positive cells from 30 min to
6 h after exposure to 40 ug/mL GO for both J774A.1 and
RAW 264.7 cells (p < 0.001). To substantiate the role of
oxidative stress in eliciting necrosis of macrophages by
GO, we pretreated cells with N-acetyl cysteine (NAC), an
antioxidant.>*>®> ROS production was significantly under-
mined by NAC pretreatment with >35% reduction in
both J774A.1 and RAW 264.7 cells treated with GO at
40 ug/mL, compared to cells without pretreatment of
NAC. In the meantime, however, cell death was greatly
ameliorated upon pretreatment of NAC, as the propor-
tion of necrotic cells decreased >20% compared to cells
without pretreatment of NAC for both J774A.1 and RAW
264.7 (Figure 9C, P < 0.05). In short, oxidative stress was
demonstrated to be an important modulator (to a less
extent than TLR4-dependnet effects) of macrophagic
necrosis induced by GO.
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DISCUSSION

The shape of nanomaterials is one of the essential
determinants of their biological effects.>® 8 Graphene
is a one-atom-thick planar sheet of SP2-bonded carbon
atoms, and it displays novel biological effects with
distinct structure—activity relationships.®® In this re-
port, we compared several carbon-based materials,
and found that graphene derivatives (i.e., GO, ami-
nated graphene, and carboxylated graphene) greatly
induced necrosis of macrophages; in contrast, carbon
black and carboxylated MWCNTs did not induce cell
death, suggesting that the 2D structure of graphene
could play a critical role in mediating this effect. Larger
pieces of graphene might not be engulfed by macro-
phages, but could be absorbed to cell membrane and
interact with membrane proteins.?® In parallel to our
results, a recent study demonstrated a close bending
stiffness of graphene to that of lipid bilayers of cells,>?
supporting the notion that the basic physicochemcial
properties (such as bending rigidity and bending stiff-
ness) could determine the close interaction between
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nanomaterials and membrane proteins.®' =% Smal-
ler graphene with sharp edges, however, could be
engulfed by macrophages to interact and possibly
to cut actin filaments, resulting in disruption of
cytoskeleton.®>®* We here demonstrated that GO
elicited programmed necrosis on macrophages pri-
marily through TLR4-dependent signaling. We also
demonstrated that GO exposure impaired the integ-
rity of cytoskeleton and promoted massive ROS
generation, which reduced cell viability and under-
mined macrophagic morphology and functions.

In addition to caspase-dependent apoptosis, pro-
grammed necrosis, namely necroptosis, is another crucial
type of cell death that can occur through embryonic
development and under various stresses.'®2!22
Many stimuli elicit programmed necrosis, such as
TNF, Fas ligand, and microbial engagement on
TLRs.'®2'22 We demonstrated that GO sensitized
macrophages to death predominantly through ne-
crosis; moreover, GO-induced necrotic process lar-
gely required its interaction with TLR4. Blockade
of TLR4 signaling with a selective TLR4 inhibitor
CLI-095 could nearly completely preclude cell
death. Moreover, absence of TLR4 in TLR4-deficient
BMDMs endowed these cells with resistance to GO-
triggered necrosis. In contrast, gain of TLR4 in TLR4-
null HEK293 cells predisposed HEK293/TLR4 cells to
necrosis induced by GO. In support of these find-
ings, we have also recently demonstrated that GO
could instigate cell death of TLR4-null nonphago-
cyte erythroid cells prominently through apoptosis
but not necrosis,®” similar to a study demonstrating
that graphene stimulated ROS generation and in-
duced cell death via apoptosis in PC12 cells (a cell
line derived from a pheochromocytoma of the
rat adrenal medulla).’® Increased TNF-a. secretion
upon activation of TLR4 pathway by GO triggered
programmed necrosis through initiating the RIP1/3-
centered signaling machinery, and blockade of TNF-
o/TNFR with an antagonist could substantially di-
minish GO-induced necrosis. These results depicted
an autocrine TNF-dependent way in response to GO
exposure, similar to the findings from a recent study
of heme-induced programmed necrosis on macro-
phages through autocrine TNF.2' Recent studies
have demonstrated that the inflammatory cytokine
TNF-a provokes programmed necrosis mainly through
the activation of kinases RIP1 and RIP3."®2"?2 Inhibi-
tion of RIP1/RIP3 with a selective inhibitor NEC-1
could not completely prevent necrosis of macro-
phages upon GO treatment, in agreement with
recent findings that additional pathways could also
contribute to programmed necrosis independent of
RIP1 in the context of TNF signaling or other signal-
ing pathways. 34

Furthermore, we found that GO exposure caused
significant oxidative stress reflected by massive ROS
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production in macrophages, consistent with previous
studies.'®'7%% Removal of intracellular ROS through
pretreatment with NAC could significantly (not com-
pletely) prevent necrosis of macrophages. For cells
under necrosis, ROS exacerbated cell death progres-
sion in various ways such as peroxidation of biomole-
cules and ATP depletion.?? Thus, oxidative stress is
believed to play a contributive role in TLR4-dependent
macrophagic necrosis induced by GO. Meanwhile,
pretreatment of NAC did not ameliorate GO-induced
morphological alterations to macrophages (data not
shown). Since GO's intracellular localization resulted in
a very pronounced phenotype of morphological altera-
tions to macrophages, the role of oxidative stress in the
cytoskeletal effects was not significant.

Intracellular accumulation of GO led to significant
impairment of cytoskeleton as evidenced by cell mem-
brane collapse and reduced macrophagic ability in
phagocytosis. Consistent with our results, a recent
study demonstrated that pristine graphene could also
disrupt F-actin remodeling and impair phagocytosis of
RAW 264.7 macrophages.'* Intriguingly, we found that
Hri-deficient macrophages were resistant to morpho-
logical alterations in that these macrophages had a
significantly reduced ability to engulf GO particles
compared to wt macrophages. We mechanistically
demonstrated that GO treatment restrained ROCK
activity with a resultant reduction of actin polymeriza-
tion and damage to the cytoskeletal meshwork. Actin
filament-based cytoskeleton forms a basic scaffold for
cells, and cytoskeleton plays a primary role in main-
taining cell shape, enabling cellular motion, guiding
intracellular transport, regulating cell division, and
conducting phagocytosis.%” Disruption of cytoskeletal
meshwork could promote cell death process,®® 8 and
could also significantly blunt the macrophagic phago-
cytic activity.**”° Reduced ability of phagocytosis for
macrophages in response to GO treatment should be
due to the combinatory/synergistic effects of intracel-
lular internalization-induced impairments to cytoske-
letal meshwork and a loss of cell viability upon
activation of TLR4 signaling. Based on the data from
Hri-deficient BMDMs, GO uptake may not be required
for necrosis induction. Nonetheless, the biological
effects of GO determined by its basic physicochemcial
properties, the interaction between GO and biological
molecules, and the relationship among TLR4 signaling
activation, cytoskeletal damage, and oxidative stress
warrant further detailed investigation.

CONCLUSIONS

This study deciphers the molecular mechanisms
responsible for GO-induced TLR4-dependent necrosis
on macrophages. Interaction of GO with TLR4 results in
activation of TLR4 signaling, which is the predominant
molecular basis for GO-mediated macrophagic necro-
sis. Additionally, GO's interaction with TLR4 and its
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Figure 10. A schematic diagram elucidating the mechanisms responsible for GO-induced cytotoxicity to macrophages. The
interaction between GO and TLR4 induces TNF-o. production, which triggers programmed necrosis on macrophages in an
autocrine loop. Moreover, GO's intracellular localization leads to impairments to macrophagic morphology and function
associated with oxidative stress and cytoskeletal disruption. All these together caused significant cytotoxicity and even cell
death to macrophages. Additional pathways might also be involved in the regulation of GO-induced cytotoxicity, such as
TNF-o-independent signaling and RIP-independent events in initiating programmed necrosis, which warrants future

investigations.

intracellular accumulation are associated with oxida-
tive stress and cytoskeletal damage, and these events
contribute to decreased viability and function of

MATERIALS AND METHODS

Nanomaterial Preparation and Characterization, and Endotoxin Detec-
tion. GO was synthesized using the Hummers method with
minor revisions as previously described.”’ Aminated graphene
and carboxylated graphene were purchased from JCNANO
(Nanjing, China). These nanomaterials were characterized with
the AFM assessment by a Veeco Dimension 3100 scanning
probe microscope (Plainview, NY). Zeta potential of graphene
was measured at 20 ug/mL by a laser particle size analyzer
(Malvern Nano ZS, Nalvern, U.K). The suspensions for each
graphene derivative were diluted to 0.5 mg/mL in endotoxin-
free PBS for further experiments. Carbon black (Printex 90)
was obtained from Degussa (Hanau, Germany). Carboxylated
MWCNTs were prepared as previously described,”® with an
average diameter of 40 nm and an average length of 0.5—5 um.
Carbon black (Printex 90) and MWCNTSs were diluted to 1 mg/mLin
endotoxin-free PBS for experiments. Regarding the detection of
endotoxin, graphene suspensions were spun down after dilution
with endotoxin-free PBS for 4 days, and the supernatants were
subjected to endotoxin test with a Limulus Amebocyte Lysate
(LAL) kit from Lonza.

Animal Strains and Maintenance. All animal care and surgical
procedures were approved by the Animal Ethics Committee at
the Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences. TLR4-deficient mice (C57BL/10ScNJ) were
maintained in the animal facility at Nanjing University, Nanjing,
China. Hri”/~ mice were generated and maintained as de-
scribed previously.* Genotyping was assessed by PCR using
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macrophages. A proposed schematic delineating the
mechanisms underlying GO-induced cytotoxicity to
macrophages is illustrated in Figure 10.

tail DNA. The PCR reaction was similar to that previously
described.** Hri’~ mice were under the C57BL/6J genetic
background. Wt mice under the same genetic background as
TLR4~~ or Hri™’~ mice were used.

Cell Culture and Treatments. Mouse J774A.1 and RAW 264.7
macrophages, HEK293T cells, mouse Hepa 1—6 hepatocytes,
human MB-MDA-231 breast cancer cells and HepG2 hepatocel-
lular liver carcinoma cells were purchased from the Shanghai
Cell Bank of Type Culture Collection of China. HEK293/TLR4 cell
line was purchased from InvivoGen (San Diego, CA). Cell
morphology was imaged under a phase-contrast microscope.
The relative cellular flat surface area was measured with Image-
Pro-Plus software (Media Cybernetics). Regarding experiments
of blockade of TLR4 signaling, a selective TLR4 signaling in-
hibitor (CLI-095, InvivoGen) was used to pretreat cells overnight
prior to GO exposure at an application concentration of
1 ug/mL. To block the TNF-a/TNFR signaling, the WP9QY
peptide (Abgent), an antagonist of TNF-a/TNFR, was used to
pretreat cells at 50 uM overnight prior to GO treatment. To
inhibit RIP activity, cells were pretreated with 30 nM of NEC-1
(necrostatin-1, Sigma) overnight before GO exposure.

BMDMs were isolated and cultured as previously de-
scribed 3> In brief, femurs and tibias were removed from
6-week-old male mice, and then bone marrow cells were flushed
into 1.5 mL tubes. After washing twice with PBS plus 2% FBS, all
cells were cultured in DMEM with high glucose, glutamine, 15%
heat-inactivated FBS, 25 ng/mL rmCSF-1 (PeproTech), nonessential
amino acids (Cambrex), penicillin/streptomycin (Invitrogen), and
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55 nM S-mercaptoethanol (5-ME, Sigma-Aldrich) for 3 days.
Nonmacrophage cells were then washed off with PBS, and
medium was changed every day until day 7. BMDMs on day 7
were exposed to GO, and cell morphologies were monitored
under a microscope.

For the assessment of GO accumulation inside macro-
phages, FITC-BSA labeled GO was exposed to cells, and GO
outside of cells was washed off with PBS, followed by FACS
analysis of the intracellular FITC fluorescence. The labeling of
FITC-conjugated BSA on GO was performed as described
previously.”® Labeled GO was washed with PBS for 3 times to
remove free FITC-BSA in the supernatant. To evaluate the
stability of the FITC-BSA-GO complex, FITC-BSA-GO was spun
down 2 days after the initial preparation, and no reduction of
florescence was found after resuspension (data not shown),
suggesting that the complex was stable at least for 48 h.

Cell Counting, Proliferation Assay, and qRT-PCR Analysis. For cell
counting, cells were seeded in 24-well plates with 1.0 x 10°
cells/well, and starved in medium with 1% serum for 12 h. There-
after, cells were treated with GO at 10, 20, 40, and 80 ug/mL.
After 24 and 48 h, live cell counting was performed with a
hemocytometer after trypan blue staining. BrdU incorporation
assay was carried out to evaluate the influence of GO exposure
on proliferation of cells following the instructions from the
manufacturer (Roche). Total RNAs were extracted from cells
using Trizol (Invitrogen), and qRT-PCR analysis was performed
as previously described.** GAPDH was used as an internal control.

Confocal Laser Scanning Microscopy and Confocal microRaman Spec-
troscopy. After GO treatment, cells were fixed with 10% PBS-
buffered formaldehyde followed by washing with 0.1% Triton
X-100 in PBS for 10 min. Cell nuclei were stained with DAPI
(blue), and F-actin in cytoskeleton was stained with FITC-con-
jugated phalloidin (green). Fluorescent images were visualized
through confocal laser scanning microscopy as described
previously.** The fluorescence intensity for F-actin labeled with
FITC-conjugated phalloidin was quantified with the software
Image J (NIH).

A confocal microRaman spectrometer was employed to
characterize GO within cells as described previously.”*”* In
brief, cells were cultured on glass slides and exposed to
40 ug/mL GO for 24 h. Slides were excited with a 532 nm laser
after washing 3 times with PBS. Raman mapping was recorded
ata 36 x 36 um? area with a step size of 3 um. The images were
obtained by collecting the Raman spectrum at each spot (10 s
acquisition time, curve from 1200 to 1500 cm ™).

TEM Assessment of GO-Exposed Cells. TEM was used to reveal the
distribution of GO within cells. Cells were treated with 40 «g/mL
GO for 24 h, and were then washed 3 times with PBS. Cells were
collected and fixed in 2.5% glutaraldehyde for 2 h, followed by
washing with PBS. Postfixation staining was performed using
1% osmium tetroxide for 1 h at room temperature (RT). After
washing, cells were dehydrated using alcohol (40, 50, 70, 80, 90,
95, and 100% ethanol), and treated twice with propylene oxide
for 30 min followed by treatment with propylene oxide, Spurr's
low viscosity resin (1:1), for 18 h. Cells were further treated with
pure resin for 24 h and embedded in beem capsules containing
pure resin. Resin blocks were hardened at 70 °C for 2 d. Sections
(70 nm) were cut and stained with 1% lead citrate and 0.5%
uranyl acetate, and then analyzed under JEOL JEM 2010F.

ROCK Activity Assay. Cells were treated with 10 and 80 ug/mL
GO for 24 h. After washing with ice-cold PBS, an equal number
of cells was lysed with RIPA lysis buffer (Pierce). ROCK activity
was measured with the ROCK activity assay kit (Millipore)
according to the manufacturer's instructions. For the acellular
ROCK activity assay, purified ROCK in the same kit from Millipore
was used. In brief, 10 mUnits (at 1 mUnit/mL) ROCK was
incubated along with other required reagents in MYPT1-pre-
coated wells with or without addition of GO followed by the
standard procedure provided by the manufacturer.

Cell Death Assay by FACS Analysis and Western Blot analysis. Cells
after various treatments were subject to FITC-conjugated An-
nexin V and Pl staining, and apoptotic and necrotic cells were
analyzed by FACS as described previously.** After washing with
PBS, cells were lysed with RIPA lysis buffer, and the same
amount of protein extracts was loaded for separation on 12%
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SDS-PAGE, followed by Western blot analysis as described
previously.*® The antibodies used here were anti-caspase-3 (1:200,
Cell Signaling Technology), anti-RIP1 (1:1,500, BD Biosciences),
anti-RIP3 (1:1,500, ProSci), or anti-GAPDH (1:1,000, Santa Cruz
Biotechnology).

ROS Measurement and ELISA. Cells were cultured in 96-well
plates, and preincubated with 10 uM dichlorofluorescein-dia-
cetate (DCF-DA, Sigma) for 30 min. Thereafter, cells were
washed with PBS, and treated with GO. The emission spectra
of DCF fluorescence at 525 nm using excitation wavelength at
488 nm were monitored on a plate reader or assayed by FACS as
previously described.”®”” The fluorescence intensity was pro-
portional to the intracellular ROS concentration. Mitochondrial
superoxide assay was carried out using a specific mitochondrial
superoxide indicator, MitoSOX red (Molecular Probes, Invitrogen),
according to the manufacturer's instruction. Regarding experi-
ments with NAG, cells were pretreated with 500 «uM NAC (Sigma)
1 h prior to GO treatment, and were cultured for another 3 h in
the presence of NAC. TNF-a protein production in culture
medium of macrophages was measured with a kit from R&D
Systems as previously described.**

Phagocytosis by Macrophages. Amine-modified red fluorescent
latex beads with a mean diameter of 1 um (Sigma-Aldrich) were
opsonized in newborn calf serum for 30 min at 37 °C. After 24 h
exposure to GO at 1 and 10 ug/mL, J774.1 cells were incubated
with opsonized beads at a final concentration of 0.1% (v/v) for
1 h at 37 °C, and washed twice with PBS followed by FACS analysis
to measure the number of cells containing engulfed latex beads
and the mean fluorescent intensity in red bead-laden cells.

Statistical Analysis. The difference of experimental data be-
tween two groups was assessed using the two-tailed Student's t
test. One-way analysis of variance (ANOVA) was used to analyze
the mean difference among groups compared to the control.
Data were shown in mean £+ SD p < 0.05 was considered
statistically significant.
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