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Graphene oxide (GO) is a promising material for a variety of biomedical and other
applications. The increasing use of GO necessitates careful assessment of
potential health hazards. Using primary neutrophils as a model, Mukherjee et al.
show that GO elicits neutrophil extracellular traps. Furthermore, by using ToF-
SIMS, the authors noted pronounced perturbations of plasma membrane lipids in
cells exposed to GO.
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Graphene Oxide Elicits Membrane

Lipid Changes and Neutrophil
Extracellular Trap Formation

Sourav P. Mukherjee,’ Beatrice Lazzaretto," Kjell Hultenby,” Leon Newman,® Artur F. Rodrigues,®
Neus Lozano,*® Kostas Kostarelos,®> Per Malmberg,* and Bengt Fadeel’->*

SUMMARY

Understanding the biological interactions of graphene-based materials is
important for the safe use of these materials. Previous studies have explored
the interaction between graphene oxide (GO) and macrophages but not the
impact of GO on neutrophils, key cells of the immune system. Here, we synthe-
sized GO sheets with differing lateral dimensions and showed by using an array
of analytical and imaging techniques, including transmission and scanning
electron microscopy, confocal microscopy, and time-of-flight secondary ion
mass spectroscopy (ToF-SIMS), that GO elicited the formation of neutrophil
extracellular traps (NETs). ToF-SIMS revealed pronounced perturbations of
plasma membrane lipids, including a decrease in cholesterol and increased
levels of oxidized cholesterol species. The induction of NETs was size depen-
dent and associated with the production of mitochondrial reactive oxygen spe-
cies and calcium influx. Importantly, antioxidant treatment reduced the produc-
tion of NETs. These studies provide evidence that a previously undescribed
biological effect of GO manifests through direct effects on membrane lipids.

INTRODUCTION

Graphene and its derivatives have received considerable attention in recent years in
numerous sectors of science and technology.' Graphene oxide (GO), in particular, is
currently being investigated for various biomedical applications such as drug deliv-
ery and medical imaging.”® The application of graphene-based materials in the
clinic requires careful assessment of their biocompatibility and a detailed under-
standing of their cellular interactions.” Moreover, safety assessment is mandatory
not only in the clinical setting but also at all stages of the life cycle of the material,
including its production, use, and disposal.” Determining potential interactions
with the immune system, our first line of defense against foreign intrusion, is of
particular importance. Considerable efforts have been invested in elucidating the
interaction of carbon-based nanomaterials such as single- and multi-walled carbon
nanotubes (CNTs) with cells of the immune system,""'7 and recent work has shown
that these interactions may be reciprocal; hence, CNTs may trigger inflammation,
involving macrophages, neutrophils, and other cell types, but inflammatory cells
including neutrophils can also strike back and digest CNTs through an enzymatic,
oxidative reaction,® which may serve to mitigate the inflammatory potential of these
materials.” However, for graphene-based materials, there is a paucity of data with
regard to their potential immunotoxicity.'® Previous animal studies have shown
that GO is pro-fibrogenic after oropharyngeal instillation,’" and GO was found to
modulate immune responses in a mouse model of asthma,'? but there is still a

334 Chem 4, 334-358, February 8, 2018 © 2017 Elsevier Inc.

The Bigger Picture

Graphene oxide (GO) is being
investigated for various
biomedical applications.
Understanding the interactions
between GO and living cells is of
critical importance for the safe use
of these materials in patients. In
the present study, we identified
effects of GO on neutrophils, the
most common type of white blood
cell. We first synthesized GO
sheets of different sizes and
carefully characterized the
materials. Then, using various
analytical and imaging
techniques, we found that GO
triggered so-called neutrophil
extracellular traps or NETs. NETs
are normally deployed by
neutrophils to capture and
destroy pathogens. We were able
to show that GO caused
significant changes in the lipid
composition of the neutrophil cell
membrane, whereby the
oxidation of cholesterol set into
motion a cascade of intracellular
events leading to the formation of
NETs. These studies show that GO
acts directly on the neutrophil cell
membrane and leads to the
activation of a conserved anti-
pathogen response.
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lack of systematic studies of graphene of different lateral dimensions, different num-
ber of layers, or degree of oxidation."® Such studies are needed for assigning a toxi-
cological outcome, if any, to specific material properties.

Neutrophils or polymorphonuclear granulocytes are major players in inflammation.’
They are typically the first cells to be recruited to an inflammatory site and are
capable of eliminating pathogens by multiple mechanisms. Hence, neutrophils are
equipped with oxidative and proteolytic enzymes for the destruction of ingested
pathogens. Neutrophils also undergo degranulation to release antimicrobial fac-
tors, and they release so-called neutrophil extracellular traps or NETs, which
contribute to the defense against extracellular pathogens.'* NETs consist of chro-
matin fibers decorated with antimicrobial proteins, including neutrophil elastase
(NE) and myeloperoxidase (MPO). The release of NETs is often associated with
cell death (so-called NETosis), even though some studies have shown that neutro-
phils may continue to perform certain functions, including chemotaxis and phagocy-
tosis, after producing NETs.'” Increasing evidence suggests that the release of NETs
might also occur in noninfectious, sterile inflammation and may contribute to tissue
damage.'® For instance, previous studies have shown that crystals of monosodium
urate, the causative agent of gout, induced neutrophils to release NETs."” Further-
more, in a recent study, 10-40 nm polystyrene nanoparticles and nanodiamonds
triggered a self-limiting NETosis-driven inflammation.'® The authors presumed
that the effects were mediated via interactions of the hydrophobic nanoparticles
with plasma membrane lipids, but experimental evidence for this was not presented.
No NET formation was seen when cells were incubated with micrometer-sized par-
ticles.'® Other studies have suggested that gold nanoparticles trigger the formation
of extracellular structures or traps.’” However, detection of extracellular DNAis not a
specific marker of NETs because DNA release may also occur during late stages of
cell death, and other markers such as NE are required.'®

In recent years, the view has emerged that nanomaterials are endowed with a new
biological identity as soon as they come into contact with biological fluids,”® and
this so-called bio-corona was shown to influence the biological effects of nanopar-
ticles.”’ Recent in vitro studies have shown that the adsorption of serum proteins

onto the surface of CNTs and GO serves to reduce their cytotoxicity,***

and previ-
ous work showed that the adsorption of a lung surfactant corona of proteins and
lipids markedly enhanced macrophage uptake of CNTs.?* However, these studies
were designed to assess the impact of a pre-formed corona of proteins and/or lipids
on nanomaterial-cell interactions. Studies on the possibility of direct nanomaterial
interactions with proteins or lipids in the plasma membrane are also emerging,
although few studies to date have addressed direct interactions of nanomaterials
with membranes of intact cells. The plasma membrane consists of a lipid bilayer
with embedded proteins, and it separates the cell interior from the external environ-
ment; it also serves as an important site for cell-cell signaling. In a recent study pub-
lished in Chem, using confocal and scanning electron microscopy, Sun et al.?>?°
found that GO triggered membrane ruffling in a variety of different cell lines, albeit
in the absence of cell death. Furthermore, Tu et al.?” noted signs of membrane dam-
age in Escherichia coliincubated with nano-sized GO. The authors applied molecu-
lar dynamics (MD) simulations by using two phospholipids found in Gram-negative
bacteria, palmitoyloleoylphosphatidylethanolamine and palmitoyloleoylphosphati-
dylglycerol, and found evidence of lipid extraction by GO.?” Chen et al.?® recently
reported, on the basis of MD simulations, that pristine graphene can penetrate
into a model lipid membrane and has no effect on the integrity of the membrane,
whereas GO is embedded into the membrane and can extract lipid molecules,
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resulting in pore formation. Similar results, from MD simulations, were reported by

Duan et al.?’

who also provided evidence for the formation of pores in the plasma
membrane of cell lines exposed to very high doses (200 ng/mL) of single-layered
GO with lateral dimensions of 200-700 nm; it was proposed that the pore formation
was driven by lipid extraction. In addition, studies using supported lipid bilayers and
liposomes have demonstrated that GO interacts with and disrupts lipid mem-
branes.’*?" However, whether lipid extraction or other perturbations of membrane
lipids occur in living cells exposed to GO has not been demonstrated experimen-
tally. Here, we studied the effect of GO of differing lateral dimensions on primary hu-
man neutrophils and found that GO induces loss of cell viability with the release of
NETs. By using time-of-flight secondary ion mass spectroscopy (ToF-SIMS), we
observed direct evidence of lipid perturbations in the plasma membrane of GO-
exposed cells. We were able to show that the induction of NETs is size dependent
and that antioxidant treatment reduces NET formation. These studies further our un-
derstanding of the biological interactions of GO and point to a novel mechanism of
toxicity involving neutrophils, the most abundant type of white blood cell.

RESULTS AND DISCUSSION

Preparation and Characterization of GO

To assess the role of the lateral size of GO for cellular interactions, we prepared GO
samples containing sheets with differing lateral dimensions by the modified Hum-
mer's method as previously described®” and subjected the samples to exhaustive
characterization. The lateral dimensions and thickness of the samples were analyzed
by transmission electron microscopy (TEM) and atomic force microscopy (AFM) (Fig-
ures 1A and 1B). The lateral size distribution of small and large GO is shown in Fig-
ure 1C. AFM revealed that small (GO-S) and large (GO-L) sheets were one or
two layers thick (1-2 nm), and both GO samples had strongly negative charge
(average ¢ potential =55 mV) because of the multiple surface oxygen groups (Fig-
ure 1D). Raman spectroscopy showed characteristic D and G bands at 1,319 and
1,596 cm™’, respectively (Figure S1A). Thermo-gravimetric analysis (TGA) (Fig-
ure S1B) and X-ray photoelectron spectroscopy (XPS) (Figure S1C) were performed
to quantify the oxidation degree and purity of the GO samples (>99.5%) (see Table
S1 for a summary of the characterization results). Thus, small (50-300 nm) and large
(10-40 pm) GO samples of one to two layers were produced without any significant
differences in their surface properties. Moreover, the dispersion of GO in cell culture
medium did not change the morphology of GO significantly (Figure S2A), although
some agglomeration was identified by dynamic light scattering (DLS) (Figure S2B).
Both GO samples exhibited a similar colloidal stability in cell culture medium
(average { potential —37 mV).

Endotoxin contamination of carbon-based nanomaterials may result in potential ar-
tifacts, which could skew the results when studying effects on immune-competent
cells.*® We have recently reported that graphene-based materials may interfere
with traditional endotoxin tests.>* Therefore, we assessed the as-synthesized GO
samples for potential endotoxin contamination by using a newly developed macro-
phage activation test based on primary human macrophages® and showed that
both GO samples were endotoxin free (Figure 1E). Lipopolysaccharide (LPS) was
included as a positive control, and LPS-induced tumor necrosis factor alpha
(TNF-a) secretion was blocked by the specific LPS inhibitor, polymyxin B (10 uM).

GO Triggers Neutrophil Extracellular Traps

Previous studies showed that small and large GO sheets were non-cytotoxic for
peripheral blood mononuclear cells (PBMCs) from healthy donors that included
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Figure 1. Characterization of Small and Large GO Sheets

(A) TEM micrographs of GO-L (large) and GO-S (small). Scale bars: 2 pm (GO-L) and 200 nm (GO-S).

(B) AFM of GO-L and GO-S: height images (left) and thickness analysis from the cross-section (right). Scale bars: 5 pm (GO-L) and 500 nm (GO-S).
(C) Lateral dimension distribution analysis of GO-L and GO-S.

(D) Measurements of zeta potential. Refer to Figure S1 and Table S1 for further characterization of GO-S and GO-L samples.

(E) Endotoxin content was assessed on the basis of TNF-a secretion by primary human macrophages exposed to GO with or without the LPS inhibitor,
polymyxin B. LPS served as positive control. Data are shown as mean values + SEM.

T cells, B cells, monocytes, dendritic cells (DCs), and natural killer cells.>® The only
exception was noted when PBMCs were exposed to high doses (75 pg/mL) of small
GO sheets (up to 20% loss of cell viability). However, to our knowledge, there are
no studies to date on the potential impact of GO on polymorphonuclear neutrophils,
key players of the innate immune system. We therefore proceeded to test the
effect of small versus large GO on primary human neutrophils freshly isolated from
healthy human blood donors by using established protocols. Neutrophils are
short-lived cells and are known to undergo spontaneous apoptosis upon ex vivo

culture,®

and for this reason, all experiments were conducted within a 2-3 hr
time frame after isolation of the cells from peripheral blood. GO triggered a dose-

dependent loss of cell viability in neutrophils (Figure 2A). The phorbol ester
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Figure 2. GO Triggers Neutrophil Extracellular Traps
(A) Cell viability as determined by a luminescence-based assay for quantification of cellular ATP. Freshly isolated primary human neutrophils were
incubated with GO-L or GO-S (12.5 pg/mL) for 3 hr. PMA was included as positive control. Data are shown as mean values + SEM. **p < 0.01;
*kKk

p < 0.001.
(B) Confocal imaging of neutrophils incubated in medium alone or in the presence of GO-L or GO-S (12.5 pg/mL) for 2 hr. Cells were stained with specific
antibodies to neutrophil elastase (NE) followed by a secondary FITC-labeled antibody (green) and counterstained with DAPI (blue) for visualization of
DNA. Scale bars: 10 um.
(C) Size-dependent induction of NETs by GO as demonstrated by the quantification of extracellular NE activity. PMA was included as positive control.
**p < 0.01; ***p < 0.001.

phorbol-12-myristate-13-acetate (PMA) (25 nM) was included as a positive control.*®
Next, we performed TEM imaging of neutrophils exposed for 2 hr to small versus
large GO (12.5 pg/mL). TEM showed that some GO was internalized by the cells;
however, GO also appeared to interact with the plasma membrane of the cells; ev-
idence of membrane “stripping” was seen in particular for the large GO sheets (Fig-
ure S3). Previous studies using macrophages have shown that large GO sheets
(~1 um in lateral size) might align with the plasma membrane and thereby lead to
a "masking” effect, whereas smaller GO sheets were more likely to be taken up by
the cells.*’*® However, the majority of these studies were conducted with murine
or human cell lines and not with primary, professional phagocytes. The present elec-
tron microscopy results suggested that GO could elicit membrane stripping instead
of membrane masking in primary human neutrophils. To further characterize the ef-
fect of GO on neutrophils, we performed scanning electron microscopy (SEM) after a
2 hr exposure to small versus large GO (12.5 ng/mL). PMA (25 nM) was used as a pos-
itive control. Figure 3A (low-magnification view) and Figure 3B (high-magnification
view) show that PMA triggered the formation of NETs, as previously reported.®’
Remarkably, large GO also triggered the production of NETs (Figure 3A), and
some GO sheets were found trapped in the NETs (Figure 3B, arrow). Moreover, small
GO also triggered NETs (Figure 3A), and these NETs were apparently coated with

338 Chem 4, 334-358, February 8, 2018



Figure 3. Small and Large GO Sheets Trigger NETs

Low-magpnification (A) and high-magnification (B) SEM micrographs of control neutrophils or
neutrophils exposed to PMA (25 nM), GO-L (12.5 pg/mL), or GO-S (12.5 pg/mL). The single arrow (B)
points to a large GO sheet entrapped in a network of chromatin fibers (i.e., NETs). The pair of
arrows (B) indicates chromatin fibers (NETs) coated with small GO sheets. Scale bars: 30 um (A) and
1 um (B).

GO, as shown in Figure 3B. In contrast, our previous work showed that short,
oxidized single-walled CNTs were trapped in NETs produced by PMA-stimulated
neutrophils but failed to trigger a significant induction of NETs themselves.*® One
may ask how negatively charged GO (or CNTs) are attracted to NETs whose

Cell
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backbone consists of DNA. Physical entrapment in the dense extracellular network
of NETs may certainly be envisioned. Moreover, GO (both small and large sheets)
could potentially interact with positively charged histones, a major component of
NETSs, or with other cationic proteinaceous components of NETs.“” To confirm the
production of NETs, we performed confocal microscopy of neutrophils after incuba-
tion with 12.5 pg/mL GO-S or GO-L or 25 nM PMA. We labeled cell samples with
anti-NE specific antibodies and counterstained them with DAPI to visualize nuclear
chromatin (in cells or extruded as fibers). These studies showed that both small and
large GO induced NET production (Figure 2B). To determine whether the effects of
small and large GO were quantitatively different, we analyzed the production of
NETs by using a well-established assay for the analysis of extracellular NE activity.>’
We observed a pronounced size-dependent effect insofar as large GO was much
more effective in triggering NETs than small GO (Figure 2C). PMA (25 nM) was
included as a positive control. Thus, it appears that endotoxin-free GO sheets
trigger NETs, as demonstrated by several complementary approaches, and that
this effect is size dependent, possibly as a result of face-to-membrane interactions
that are more characteristic of the larger sheets, whereas the smaller sheets are
more readily engulfed.

NETs Are Released in a ROS- and Ca%*-Dependent Manner

Neutrophils are able to “sense” the size of microbes and release NETs selectively
in response to large pathogens in a manner dependent on dectin-1, a pattern
recognition receptor.”’ We performed experiments with specific inhibitors of
dectin-1, but the results did not support a role for dectin-1 in GO-induced NET
release (data not shown). Instead, we considered the possibility that GO might
trigger the production of NETs through a direct effect on the plasma membrane.
First, we asked whether GO-induced NET release requires the production of reac-
tive oxygen species (ROS). Stimulation of neutrophils with PMA led to the original
discovery that neutrophils release NETs'* and to the observation that the produc-
tion of NETs is linked to a neutrophil cell-death process that is distinct from
apoptosis and necrosis and dependent on ROS generation mediated by NADPH
oxidase.*” However, more recent studies have suggested that the requirement
for NADPH oxidase activation for NET formation may differ depending on the
stimulus.**** Neumann et al.*® reported that methyl-B-cyclodextrin (MBCD), a
cholesterol-depleting agent, triggered the formation of NETs in a manner that
was independent of NADPH oxidase (i.e., insensitive to pharmacological inhibi-
tion using diphenylene iodonium [DPI]), in contrast to PMA-triggered NETs.
The authors also confirmed that treatment of neutrophils with MBCD yielded
distinct changes in the lipid composition of the cells, including a significant
reduction of cholesterol, whereas other lipids such as sphingomyelin were only
slightly affected.”® To study the signaling pathway underlying the formation of
NETs in GO-exposed cells, we pre-incubated cells with DPI (10 uM) and then
added small or large GO, PMA (25 nM), or MBCD (10 mM). We determined
NET production by using the NE activity assay. As shown in Figure 4A, DPI
blocked PMA-induced production of NETs, as expected, and completely blocked
the production of NETs in neutrophils exposed to small GO sheets. However, the
formation of NETs in MBCD-treated cells and in cells incubated with large GO
was not affected by DPI, indicating that NADPH oxidase activation by GO is
size dependent. Hence, whereas small GO sheets appeared to trigger NETs via
canonical NADPH oxidase activation, large GO sheets induced NET formation
independent of NADPH oxidase, suggesting that neutrophils “sense” the
difference between small and large GO sheets in a manner analogous to path-
ogen sensing.
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Figure 4. Role of Ca®* and ROS

(A) Cells were pre-incubated or not with DPI (10 uM) and then exposed to PMA (25 nM) or MBCD (10 mM) or GO-L or GO-S (12.5 pg/mL), and NET
production was monitored by the NE assay. *p < 0.05.

(B) GO-triggered mitochondrial ROS production in neutrophils in the presence or absence of the calcium-chelating agent, EGTA (10 mM). Cells were
incubated with GO-S or GO-L (12.5 pg/mL). ROS detection was performed with MitoSOX, a sensor for mitochondrial superoxide.

(C) Cells were incubated with GO-L or GO-S (12.5 pg/mL), and intracellular Ca®* levels were determined with the Fluo-4 Direct Calcium Assay Kit. The
Ca®* ionophore, ionomycin (1 uM) was used as positive control.

(D) GO-triggered production of NETs as shown by extracellular NE activity was reduced by EGTA (10 mM) and MitoTEMPO (10 uM), a mitochondria-
targeted antioxidant. ***p < 0.001.

Cells may also produce ROS in the absence of NADPH oxidase activation, and
mitochondrial ROS production was recently shown to play a role in some forms of
NETosis.”® We therefore investigated whether GO elicited mitochondrial ROS pro-
duction by using MitoSOX, a fluorogenic probe that selectively targets mitochondria
and is oxidized by superoxide. These experiments showed that both small and large
GO triggered rapid (within 15-30 min) mitochondrial superoxide production (Fig-
ure 4B). Calcium overload is known to lead to mitochondrial permeability transition
with the production of superoxide, ultimately resulting in the demise of the cell.*’
Furthermore, the calcium ionophore, A23187, triggers NETosis with the production
of mitochondrial ROS.*¢ We therefore reasoned that mitochondrial ROS production
could transpire downstream of calcium influx into the cells. Indeed, as shown in Fig-
ure 4C, exposure to GO triggered calcium influx into the cells, with an early response
peaking at 60 min for GO-L and a delayed (120 min) and more subdued response to
GO-S. Furthermore, calcium chelation using ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid (EGTA) prevented mitochondrial superoxide
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production in neutrophils exposed to GO-S and GO-L (Figure 4D). We also found
that pre-incubation of neutrophils with EGTA (10 mM), to prevent calcium signaling,
or with the mitochondria-targeted antioxidant, MitoTEMPO (10 uM), resulted in a
significant reduction in the production of NETs by GO-S and GO-L (Figure 4D).
Together, these results demonstrate that GO-triggered release of NETs in primary
human neutrophils is dependent on calcium influx and mitochondrial ROS produc-
tion. Furthermore, small GO sheets engaged NET formation dependent on NADPH
oxidase, whereas micrometer-sized GO appeared to trigger NETs exclusively
through a pathway independent of NADPH oxidase; however, both small and large
GO triggered neutrophil cell death.

Plasma Membrane Lipid Perturbations Elicited by GO

Lipid rafts are cholesterol- and sphingolipid-rich plasma membrane microdomains
with important roles in cell signaling.*® MBCD efficiently depletes membrane choles-
terol and disrupts lipid rafts.*” In light of the fact that MBCD and GO both triggered
NET formation (Figure 4A), we asked whether GO also has an impact on lipid rafts in
neutrophils. First, we confirmed that MBCD caused a disruption of lipid rafts in neu-
trophils by staining with Alexa-Fluor-594-conjugated cholera toxin B subunit (CTXB),
a commonly used lipid raft marker that binds glycosphingolipids.*” As shown in Fig-
ure S4A, MBCD induced a loss of lipid raft integrity, as expected. Moreover, using
filipin 111, a probe for sterol location in biological membranes,*” we noted a concom-
itant reduction in cholesterol content in neutrophil membranes upon treatment with
MBCD (Figures S4B and S4C). Next, we incubated neutrophils with small or large GO
(12.5 ng/mL) and then performed confocal imaging of Alexa-Fluor-594-conjugated
CTXB. We found that GO-L caused a disruption of lipid raft domains, as demon-
strated by a loss of CTXB staining (Figure S5). We also observed a reduction in filipin
[l staining in cells exposed to GO-L (Figure S4C), but not in response to PMA (data
not shown). On the basis of these results, we hypothesized that GO might deplete or
otherwise alter plasma membrane lipids in a manner similar or analogous to that of
MBCD and thereby trigger the formation of NETs. To characterize lipid changes
caused by exposure to large GO, we performed ToF-SIMS imaging mass spectrom-
etry. ToF-SIMS is a highly sensitive surface analytical method suitable for probing
lipid membrane changes on the very surface of the cell, as well as in the depth of
the lipid membrane of a cell.”' High-mass-resolution ToF-SIMS spectra comparing
control and GO-exposed neutrophils revealed a multitude of lipid changes primarily
in negative ion polarity (Figure 5A), the main effect being a general decrease in
cholesterol and highly elevated levels of oxidized cholesterol species such as 7-ke-
tocholesterol (C27H4305, [M = H]7), hydroxycholestanedione (C;7H4403, [M — H]7)
and alliosterol (C27H46O4, [M — H]7) (full spectra in Figure S6). High lateral resolution
imaging showed that these areas of abundant oxidized cholesterol could be imaged
at approximately 500 nm spatial resolution in the GO-exposed neutrophils but notin
control neutrophils (Figures 5B-5K). The membrane structure appeared to be
strongly affected by GO, as demonstrated by membrane protrusions in the ion im-
ages from POz~ at m/z = 79 and [C4HgPOg4]™ at m/z = 181. We also used ToF-
SIMS to examine neutrophils exposed to MBCD and PMA. MBCD could clearly be
seen to extract cholesterol from the plasma membrane, given that the cholesterol
signal at C37H450 was reduced by more than half in comparison with control neutro-
phils (Figure S7A). MBCD also appeared to cause a general disturbance of the
neutrophil plasma membrane. PMA induced oxidation of cholesterol but to a higher
degree than GO (Figure S7B), whereas the overall membrane structure remained un-
affected. High-mass-resolution ToF-SIMS spectra of control neutrophils and neutro-
phils exposed to GO (12.5 ng/mL), MBCD (10 mM), and PMA (25 nM) are shown in
Figure 6. GO caused a marked depletion of the cholesterol signal at [Cy7Has0].
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Figure 5. ToF-SIMS Analysis of GO-Exposed Cells
(A) High-mass-resolution ToF-SIMS spectra comparing control (blue) and GO-exposed (red) neutrophils in negative-ion mode. Major differences could

be seen in the mass range of 300450 m/z, where oxidized cholesterol species such as 7-ketocholesterol [Co7H430,], hydroxycholestanedione
[C27H4403], and alliosterol [Cy7H4604] were elevated in GO-exposed cells. See also Figure Sé for full spectra for control and treated cells.

(B-K) High-spatial-resolution ToF-SIMS images showing control neutrophils (B-F) and GO-exposed neutrophils (G-K) in negative-ion mode.
Neutrophils were exposed to GO-L (12.5 pg/mL) for 1 hr. The panels show (B) carbon [C] at m/z=12; (C) CN™ (proteins) at m/z = 26; (D) PO3~ at m/z=79;
(E) [C4HePOg] at m/z = 181; (F) sum of oxidized cholesterol species [C7H4303], [C27H4403], and [C27H4,04] at m/z = 399, 415, and 433, respectively; (G)
GO as indicated by [C3/C4/Cs/Cql; (H) CN™ (proteins) at m/z = 26; (I) PO3 at m/z = 79; (J) [C4HsPOg] at m/z = 181; and (K) sum of oxidized cholesterol
species [Co7H4302], [Co7H4403], and [Co7H4604] at m/z = 399, 415, and 433, respectively. Field of view: 150 X 150 um at a pixel resolution of 580 nm. Refer
to Figure S7 for MBCD- and PMA-treated neutrophil samples.

This was also the case for MBCD-exposed neutrophils where the cholesterol signal at
[C27H450] was depleted. The latter finding was expected because MBCD caused a
depletion of cholesterol (Figure S4). PMA treatment, on the other hand, did not
affect the cholesterol signal but elicited a higher expression of several other lipid
species such as the ¢16:0 and c18:0 fatty acids [C1¢H3105]" and [Cq1gH3505]"
(Figure 6).

Using ToF-SIMS 3D imaging, we could examine the distribution and lipid changes in
the depth of the lipid membrane (Figure 7). The z-corrected 3D ToF-SIMS showed
the distribution of GO, CN~, PO3~, and C4H,PO,, clearly indicating the structure
of the neutrophils (Figures 7A-7D). ToF-SIMS depth profile intensity data from
GO-exposed neutrophils in negative-ion mode showed that the oxidation of choles-
terol takes place at the very outer layers of the membrane associated with
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Figure 6. ToF-SIMS Analysis of GO-Exposed Cells

High-mass-resolution ToF-SIMS spectra comparing control neutrophils (blue), GO-exposed neutrophils (black), MBCD-exposed neutrophils (green),
and PMA-exposed neutrophils (red) in negative-ion mode. The ion dose for each experiment ranged between 6.3 x 10" and 9.9 x 10"" ions/cm?.
Region of interest spectra from the cells were selected from fields of view ranging from 150 x 150 pm to 250 x 250 um for the removal of any influence
from the substrate. The spectra were normalized to the total ion dose for each experiment. Control cells showed the highest abundance of [C4HsPO4],
asignal that can be attributed to the phosphatidylcholine and phosphatidylserine components of the cell membranes. For the GO-exposed neutrophils
(black), a depletion of the cholesterol signal at [C;;H450] could be clearly distinguished, whereas MBCD (green) caused an almost complete depletion
of the cholesterol signal. PMA treatment (red) did not affect the cholesterol signal but elicited a higher expression of several other lipid species such as
the fatty acids [C14H3102]~ and [C1gH3502] .

phospholipids, as well as deeper in the neutrophil associated with CN™ (Figure 7E).
This result was confirmed by a 3D reconstruction of the depth profile data (Figure 7F)
where the GO and oxidized cholesterols [C57H430,] 7, [Co7H4403], and [Co7H4604]™
are found (Figures 7H and 71) and can be seen to be associated with the membrane-
related ion species [C4H¢PO4] (Figure 7G). These results show that the oxidation
caused by GO mainly takes place at the outer cell membrane, as well as in other
cholesterol-containing lipid membranes in the cell.

Antioxidant Prevents Cholesterol Oxidation and NET Formation

Recent studies have demonstrated that the presence of carbon radicals plays a
critical role for the antibacterial effects of GO with induction of lipid oxidation.>”
We asked whether the effects of GO on plasma membrane lipids (especially choles-
terol) could be explained by material-induced rather than cell-induced chemical
changes. To this end, we performed electron paramagnetic resonance (EPR) mea-
surements followed by assessment of pro-oxidative capacity by using the DCF assay,
which measures the conversion of 2/,7'dichlorodihydrofluorescein (H,DCF) to a fluo-
rescent 2',7'-dichlorofluorescein (DCF) derivative.®” We found that both the large

and small GO sheets have a single resonance peak where g = 2.004 and 2.005,

344 Chem 4, 334-358, February 8, 2018



E F
£
-
'E 4 GO L
;ﬂs-‘ 0.7 —— c4H_%pQT
\ Ox. Chal.
s 06 x. Chol
T 05
n
‘g? 0.4
25 03
0.2 e
0.1

0.0 1e13 2e13 3e13 4e13
Fluence (ions/cm?)

Figure 7. ToF-SIMS 3D Imaging of GO-Exposed Neutrophils

(A-D) Z-corrected 3D ToF-SIMS images based on depth profiling data show the 3D distribution of (A) GO with C4~ as marker, (B) CN™ at m/z = 26, (C)
POs™ at m/z =79, and (D) [C4HsPO,] at m/z = 181.

(E) ToF-SIMS depth profile intensity data from GO-exposed neutrophils (12.5 pg/mL for 1 hr) in negative-ion mode. The red line indicates CN™ at m/z =
26, the dark green line indicates GO, and the blue line denotes [C4HPOy] at m/z = 181; oxidized cholesterols [C27H430,], [C27H4403], and [Co7H4604] at

m/z = 399,415, and 433, respectively, are identified by the light-green line. C40" " " ions were used for sputtering a crater of 400 x 400 um and analyzing

an area of 151 x 151 um with Biz" ions. We then took a region of interest of the cells to create the depth profile to avoid contribution from the cell
substrate. The total dose density of the experiment was 1.13 x 10" ions/cm?; 4 x 103 jons/cm? is shown here with 60 layers out of a total of 1,627,
representing the outermost membrane signals.

(F-1) 3D reconstruction of the depth profile data. In (F) is the slice used for reconstructing images in (G)—(I) with four x and y slices, ten z scans, and 35
scans of the depth profiling data per step. [C4HgPOg4] at m/z = 181 (G), GO (H), and the average filtered sum of oxidized cholesterols [C;7H4305],
[C27H4403], and [C7H4604] at m/z = 399, 415, and 433, respectively, (I) show the distribution of GO associated with the oxidized cholesterol species.

respectively, which confirmed the existence of m-conjugated single carbon radicals
on the GO surface (Figure 8A), in line with previous publications,Sz‘53 Furthermore,
both GO samples were found to cause oxidation of H,DCF within 10 min of incuba-
tion, although GO-L was a more efficient oxidizing agent than GO-S at lower concen-
trations (12.5 and 25 ng/mL) (Figure 8B). Next, we asked whether GO-S or GO-L
could directly oxidize cholesterol in an acellular setting. Cholesterol (100 mg/mL
in ethanol) was drop casted onto glass slides and incubated with GO (12.5 and
50 ng/mL), and samples were then analyzed by ToF-SIMS. We analyzed cholesterol
[C27HasO]”  and  oxidized cholesterol species, such as 7-ketocholesterol
[C27H4305]7, hydroxycholestanedione [Cy7;H4403]7, and alliosterol [Cy7H4604]7,
but could not find any evidence of cholesterol oxidation by GO (Figures 8C and
8D). This result suggested to us that the cholesterol oxidation that was seen in the
plasma membrane of neutrophils exposed to GO was likely a multi-step reaction
requiring both material-induced and cellular processes. To further probe the
mechanism of cholesterol oxidation and its importance for the generation of
NETs, we performed experiments in which neutrophils were pre-incubated with
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Figure 8. Carbon Radicals and Acellular Oxidation

(A) EPR signature of GO-S (red) and GO-L (black) shows a single peak, confirming the presence of carbon radicals. Measurements were taken with 1.5mg
of dry GO sheets of GO-S and GO-L.

(B) DCF assay showing direct oxidation of H,DCF (10 uM) by increasing concentrations of GO-S and GO-L at 10 min of co-incubation. Data are expressed
as the percent increase over control H,DCF.

(C and D) ToF-SIMS analysis of potential cholesterol oxidation by GO (acellular conditions). Cholesterol [C,7H450]™ and oxidized cholesterol species
such as 7-ketocholesterol [Cp7H430,]7, hydroxycholestanedione [C,;H4403] 7, and alliosterol [Co7H4,04] ™ are shown. Relative intensity data from high-
mass-resolution ToF-SIMS spectra compare samples exposed for 3 hr to GO-S (light blue) or GO-L (dark blue) at (C) 12.5 ng/mL and (D) 50 pg/mL.
See also Figure S8 for a schematic summary.

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a vitamin E
analog that acts as a potent antioxidant.”® We hypothesized that if cholesterol
oxidation is required for the formation of NETs, then Trolox would prevent NET for-
mation by virtue of its protective effect against lipid oxidation. After pre-incubation
with Trolox (500 pM), we incubated the cells with GO and analyzed them by using the
NE assay for quantification of NETs and by confocal microscopy and ToF-SIMS to
determine the impact on lipid raft integrity and cholesterol oxidation, respectively.
We found that Trolox significantly reduced the generation of NETs (Figure 9A) and
that Trolox also appeared to protect against lipid raft disruption induced by
exposure to GO (Figure S5). Furthermore, Trolox was shown to reduce cholesterol
oxidation in the plasma membrane of neutrophils exposed to GO (Figures 9B-9E).
It has been noted that varying the molecular environment of model membranes
may affect the ToF-SIMS analysis of phospholipids in such membranes.>® However,
as antioxidant treatment decreased the amount of oxidized cholesterol that could be
detected by ToF-SIMS, the changes in lipid oxidation that we recorded in
neutrophil membranes do not appear to be a matrix effect, but instead an effect
caused by GO.
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Figure 9. Trolox Reduces Cholesterol Oxidation

(A) Production of NETs as determined by extracellular NE activity in neutrophils exposed to PMA (25 nM) or GO-L (12.5 pg/mL) for 2 hr with or without
pre-incubation for 30 min with the antioxidant Trolox (500 uM). Data are shown as the percent increase over the control sample. *p < 0.05; ***p < 0.001.
(B-D) High-spatial-resolution ToF-SIMS images showing control neutrophils (B), GO-L-exposed neutrophils (C), and Trolox-treated, GO-L-exposed
neutrophils (D) in negative-ion mode. The images show (from left to right) CN™ at m/z = 26, PO3™ at m/z = 79, [C4H4PO4]~ at m/z = 181, cholesterol
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Figure 9. Continued

[C27H4sO]~ at m/z = 385 (average filtered), and oxidized cholesterol [C7H430,]™ at m/z = 399

(average filtered). Field of view: 150 x 150 pm at a pixel resolution of 585 nm for all images.

(E) Sum of oxidized cholesterol species 7-ketocholesterol [C7H430,]7, hydroxycholestanedione [Cy7H4403] 7, and alliosterol [Co7H4,04] ™ are shown by
semi-quantitative measurements of high-mass-resolution ToF-SIMS spectra comparing cellular samples. Spectra were normalized to the total ion dose
and m/z = 184 (membrane lipid) to account for the number of cells analyzed in each experiment. Values are shown as normalized intensity.

Previous studies have suggested that the presence of 7-ketocholesterol reduces the
level of organization in model phospholipid membranes compared with choles-
terol.>® Thus, it is conceivable that cholesterol oxidation could lead to the disruption
of lipid raft domains. Interestingly, statins—cholesterol-lowering drugs that inhibit
3-hydroxy 3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting
enzyme in cholesterol biosynthesis—were also shown to boost the production of
NETs by human and murine neutrophils.>” Hence, lipid raft disruption by MBCD-
induced depletion of cholesterol from the cell membrane or through inhibition of
cholesterol synthesis or cholesterol oxidation, as shown in the present study, ap-
pears to be linked to the production of NETs. Together, our results support a model
in which GO, as a result of the presence of carbon radicals, initiates a reaction in the
plasma membrane and leads to cholesterol oxidation and a disruption of lipid rafts,
which in turn acts as a trigger for the generation of NETs. Trolox, in turn, prevents
cholesterol oxidation by scavenging the carbon radicals on GO and/or cellular
radicals, thereby preventing NETs.

Conclusions

ToF-SIMS has previously been used for studying lipid changes in cells and tissues
and is gaining in use because the technique is able to detect a wide range of molec-
ular species with high chemical specificity without the need for labels or probes.®®>?
Forinstance, ToF-SIMS has been used for studying alterations of lipids in the plasma
membrane of macrophage-like THP.1 cells exposed to silver nanoparticles®” and de-
tecting polymeric nanoparticles in bone-marrow-derived stromal cells,®’ and it can
be used for both 2D and 3D imaging of lipid membrane changes in cells.**** The
present study applied ToF-SIMS to elucidate the effects of a graphene-based mate-
rial on cells. Our data thus show that ToF-SIMS can be used for directly demon-
strating lipid alterations in the plasma membrane of GO-exposed neutrophils. Pre-
vious studies have suggested, on the basis of computer simulations, that graphene
can “wreak havoc” on cell membranes® and have predicted that phospholipid
extraction from membranes may occur.?’4% Furthermore, recent work using sup-
ported lipid membranes has pointed to a role of the lateral dimensions of GO for
lipid membrane interactions.®® However, direct experimental evidence of lipid
extraction and/or lipid oxidation in membranes of bacterial or mammalian cells
has been lacking. By using confocal microscopy and SEM, we were able to show
that GO, specifically large GO sheets, disrupted lipid raft domains in neutrophils
and triggered NETs. Furthermore, by using ToF-SIMS, we observed a lowering of
cholesterol and a marked elevation of oxidized cholesterol species in neutrophil
membranes upon exposure to large GO sheets. Cholesterol oxidation can occur
through non-enzymatic reactions initiated by free radical species and by non-radical
ROS such as singlet oxygen, HOCI, and ozone.®” 7-Ketocholesterol, which we iden-
tified in GO-exposed cell membranes, is thought to be produced mainly via
non-enzymatic pathways.®® We propose that GO, because of the presence of carbon
radicals, may initiate a reaction leading to cholesterol oxidation (Figure S8). Mito-
chondrial ROS could contribute to this reaction; in addition, MPO-generated oxi-
dants could perhaps play a role for cholesterol oxidation in neutrophils. However,
given that the release of NETs is thought to require NADPH oxidase and/or mito-
chondrial ROS produc’cion46 as well as MPO,%” it is difficult to dissect their role(s)
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in cholesterol oxidation without impeding NET production. Notably, the pathway of
NET formation in neutrophils exposed to large GO sheets is similar to the recently
described pathway of Ca?*-induced NETosis*® mediated by mitochondrial ROS
and independent of NADPH oxidase, although the initial trigger is different, whereas
the induction of NETs by small GO sheets, albeit less pronounced, appears
more similar to the classical PMA-induced NETosis’® dependent on NADPH
oxidase.

The present study revealed a pronounced size-dependent effect insofar as large
GO was more effective in triggering NETs than small GO. Besides the influence of
lateral dimensions, other parameters could also modulate biological effects of GO
such as the oxidation level."” Indeed, by varying this parameter, studies have shown
that it is possible to alter the biocompatibility of GO after subcutaneous and perito-
neal implantation, which is of broad relevance for medical devices.”! Furthermore,
the presence of graphite impurities, not metallic impurities, within CNTs has recently
been shown to be responsible for the apparent electrocatalytic properties of these
materials, leading to oxidation of various biomolecules.”? Future studies could aim
to explore the effects of varying the degree of oxidation of GO on NET formation
in vitro or in vivo.

In conclusion, the present studies have revealed that endotoxin-free GO triggers
size-dependent responses in primary human neutrophils, and our work has identi-
fied key elements of the signaling pathway upstream of NET release in GO-
exposed cells. These results support the emerging view that the toxicity of GO
could be related to its effects on the plasma membrane®*?””2 and provide direct
experimental evidence of lipid perturbations in cells exposed to GO. This does not
exclude a role for phagocytosis-associated cellular effects,”* but the data suggest
that large, micrometer-sized GO sheets, in particular, may act directly on the cell
membrane. Notably, the adjuvant, alum, was previously shown to trigger re-
sponses in DCs by altering membrane lipid structures, demonstrating that not all
immune signaling is receptor mediated and implying that the plasma membrane
may behave as a sensor for solid structures.”” In a subsequent report, it was sug-
gested that uric acid crystals also engaged DC membranes and caused redistribu-
tion of cholesterol leading to intracellular signaling.”® The present study has pro-
vided evidence that detrimental effects of GO on the plasma membrane of
neutrophils lead to NET formation. Importantly, although several studies exist on
interactions of GO with macrophages or macrophage-like cell lines,””’® there is
a lack of information on the impact of graphene-based materials on neutrophils.
Unscheduled release of NETs is linked to a plethora of noninfectious conditions,
including thrombosis, atherosclerosis, systemic and organ-specific autoimmune
diseases, cancer, and acute trauma.'® On the other hand, the current study has
also demonstrated that these effects are reduced by Trolox, a vitamin E analog,
suggesting strategies by which to mitigate the adverse effects of GO on
neutrophils.

EXPERIMENTAL PROCEDURES

GO Synthesis and Characterization

GO sheets were synthesized according to the modified Hummers’ method as previ-
ously described.?” The synthesis was performed under endotoxin-free conditions
with a laminar flow hood, water for injection, gloves, non-pyrogenic plastic con-
tainers, and depyrogenated glassware.*" In brief, 0.8 g of graphite flakes (Graflake
9580) obtained from Nacional Grafite (Brazil) were mixed with 0.4 g of sodium nitrate
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in a round-bottom flask, and then 18.4 mL of sulfuric acid 99.999% was added slowly
to the mixture. After obtaining a homogenized mixture, 2.4 g of potassium perman-
ganate was slowly added, and the mixture was maintained for 30 min; 37 mL of water
for injection was added drop-wise because of the violent exothermic reaction, and
the temperature was continuously monitored and kept at 98°C for 30 min. The
mixture was further diluted with 112 mL of water for injection, and 30% hydrogen
peroxide was added for the reduction of the residual potassium permanganate,
manganese dioxide, and manganese heptoxide to soluble manganese sulfate salts.
The resulting mixture was purified by several centrifugation steps at 9,000 rpm for
20 min until a viscous orange/brown layer of pure GO started appearing on top of
the oxidation by-products at pH 6. This GO gel-like layer was extracted carefully
with warm water, resulting in large GO (GO-L). Final concentrations ranging be-
tween 1 and 2 mg/mL were obtained with a yield of approx. 10%. GO-L was freeze
dried, reconstituted in water for injection, sonicated in a bath sonicator (VWR, 80 W)
for 5 min, and centrifuged at 13,000 rpm for 5 min at room temperature to prepare
small GO (GO-S). The GO samples have been shown to remain stable for more than 1
year.”? In the present study, all GO samples were used within 1 year of their produc-
tion. The samples were stored in darkness until experimental use because GO can
undergo photo-reduction in sunlight.®

Structural properties, i.e., lateral dimension and thickness of the GO samples were
studied by optical microscopy, TEM, and AFM. Optical properties such as absor-
bance and fluorescence were studied by UV-visible (UV-vis) spectroscopy and
fluorescence spectroscopy, respectively. Surface properties were studied by Raman
spectroscopy and { potential measurements. To elucidate the functionalization de-
gree of the GO sheets, we performed TGA. We used XPS to quantify the chemical
composition of the GO, the C:O ratio, and the contribution of individual functional
groups such as carboxylic acids, carbonyls, and epoxides.

TEM

TEM was performed with a Tecnai 12 BioTwin (Philips/FEI) 100 kV electron
microscope. One drop of sample was placed on a formvar-carbon-coated copper
grid. Filter paper was used to remove the excess material.

AFM

Lateral dimension and thickness distributions of GO were studied with a multimode
AFM in the tapping mode with a J-type scanner, Nanoscope V controller, operating
with NanoScope Analysis software (version 1.40) (Veeco, Cambridge, UK) and an
OTESPA silicon probe (Bruker, Coventry, UK). Images were taken in air, by depos-
iting 20 uL of 100 pg/mL GO on a freshly cleaved mica surface (Agar Scientific, Essex,
UK) coated with poly-L-lysine 0.01% (Sigma-Aldrich, UK) and allowed to adsorb for
5 min. Excess unbound material was removed by washing with Milli-Q water and
then allowed to dry in air; this step was repeated once.

Optical Microscopy
Bright-field microscopy using a Zeiss PrimoVert microscope was used for assessing
the lateral dimension distribution of GO-L and to verify the size reduction of GO-S.

UV-Vis Spectroscopy

UV-vis absorbance spectra were collected for GO samples (small and large)
from 7.5 to 200 ng/mL with a Varian Cary winUV 50 Bio spectrophotometer. Dual-
beam mode and baseline correction were used throughout the measurements to
scan the peak wavelength and maximum absorbance between 200 and 800 nm.
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Fluorescence Spectroscopy

Fluorescence emission spectra were collected for GO samples (small and large) from
75 to 200 pg/mL with an LS-50B PerkinElmer spectrofluorometer at an excitation
wavelength of 525 nm and both excitation and emission slits set at 20.

Raman Spectroscopy

Raman spectra were recorded for GO-L and GO-S (20 pL of 100 ng/mL) on glass
slides after complete evaporation of water. Measurements were carried out with a
Thermo Scientific DXR micro-Raman spectrometer. Spectra were collected with a
50X objective at 633 nm laser excitation and a 25 s exposure time.

Zeta Potential Measurements

Electrophoretic mobility (1) was measured by Malvern Zetasizer Nano ZS (UK) after
dilution of samples with water in disposable Zetasizer cuvettes (Malvern
Instruments). Default instrument settings and automatic analysis were used for all
measurements, where the pwas converted automatically by the equipment software
to { potential values, because it is directly related to { potential by Henry’s equation.
All values are triplicate measurements; the values are mean + SD.

TGA

The weight loss of the GO samples was performed by TGA with a Pyris 6 analyzer
(PerkinElmer); 1-2 mg of GO weighed into a ceramic crucible was analyzed from
25°C to 995°C at 10°C/min with a nitrogen flow of 20 mL/min.

XPS

The composition of GO surfaces was studied by XPS at the NEXUS facility (the UK's
National EPSRC XPS Users’ Service, hosted by nanoLAB in Newcastle-upon-Tyne).
XPS was recorded with a Thermo Theta Probe XPS spectrometer with a monochro-
matic Al K-a source of 1,486.68 eV. The survey XPS spectra were acquired with pass
energy (PE) of 200 eV, 1 eV step size, 50 ms dwell time, and averaged over 5 scans.
The etching was 90 s. The high-resolution C1s XPS spectra were acquired with PE of
40eV, 0.1 eV step size, 100 ms dwell time, and averaged over 20 scans. Spectra from
insulating samples have been charge corrected by shifting all peaks to the adventi-
tious carbon C1s spectral component binding energy set to 284.6 eV. CasaXPS soft-
ware was used to process the spectra acquired at NEXUS. For the deconvolution of
the different components, the CasaXPS software was used, and the different regions
have been assigned according to Nist XPs and lasurface databases: m-1t*,
290.9-289.7, O-C=0O, 288.8-288.0 eV; C=0O, 287.6-286.6 eV; C-O-C,
286.7-286.3 eV; C-OH, 285.9-285.3 eV; C-C and C=C: 284.6 eV.

Characterization of GO Dispersed in Cell Culture Medium

GO samples were incubated (100 pg/mL) for 24 hr at room temperature in
RPMI-1640 culture medium (Sigma, UK) supplemented with 2 mM L-glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin. These suspensions underwent
two centrifugation cycles of 30 min at 13,000 rom and 20°C. After each centrifuga-
tion step, the supernatants were discarded, and the GO pellets were gently re-sus-
pended in Milli-Q water. The final reconstituted suspension was subjected to zeta
potential measurements by DLS and AFM as described above.

EPR

EPR measurements were obtained with an EMX XBand Bruker spectrometer. The field
was calibrated with a standard sample with a known gfactor (2,2-diphenyl-1-picrylhydra-
zyl). After lyophilization of the large and small GO samples, approximately 1.5 mg of the
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dry GO sheets was placed in an EPR tube. EPR measurements were performed at room
temperature with a frequency of 9.867821 and 9.866372 GHz for GO-L and GO-S,
respectively, a center field at 3,520 G, and attenuator at 30 dB.

H,DCF/DCF Acellular Oxidation Assay

GO-S and GO-L were incubated at the indicated concentrations with 25 uM H,DCF
in dH,O for 10 min (up to 3 hr) at 37°C. DCF fluorescence was measured at an exci-
tation and emission of 485 and 535 nm, respectively (bandwidth Exand Em + 20 and
25 nm, respectively), with an Infinite F200 Tecan plate reader (Mannendorf,
Switzerland). The results are expressed as a percent increase in comparison with
the unexposed negative control. GO-S or GO-L alone at the respective concentra-
tions were measured in parallel to quantify the auto-fluorescence at the excitation
and emission wavelengths, and the auto-fluorescence of GO was deducted from
the samples where GO was incubated with H,DCF. The results are expressed as
an average of eight replicates.

Endotoxin Assessment

GO samples were assessed for endotoxin content with the TNF-a expression test
(TET), which enables unequivocal detection of endotoxin with a sensitivity compara-
ble to that of the conventional LAL assay but without any interference with the
assay.>” In brief, PBMCs were isolated from buffy coats obtained from healthy human
blood donors (Karolinska University Hospital, Stockholm, Sweden) by density
gradient centrifugation.®’ Then, PBMCs were positively selected for CD14 expres-
sion with CD14 MicroBeads (Miltenyi Biotech, Bergisch Gladbach, Germany). For
obtaining human monocyte-derived macrophages (HMDMs), CD14" monocytes
were cultured in RPMI-1640 cell medium supplemented with 2 mM L-glutamine,
100 IU/mL penicillin, 100 pg/mL streptomycin, and 10% heat-inactivated fetal
bovine serum (FBS), supplemented with 50 ng/mL recombinant macrophage
colony-stimulating factor for 3 days in 96-well plates. HMDMs were exposed to
GO (50 pg/mL) or to bacterial LPS (Sigma-Aldrich) in the presence or absence of
the specific LPS inhibitor, polymyxin B (10 pM) (Sigma-Aldrich), and TNF-a. secretion
was measured at 24 hr of exposure with a Human TNF-a ELISA Kit purchased from
Abcam (Sweden).

Neutrophil Isolation and Culture

Neutrophils were isolated from buffy coat of healthy human blood donors (Karolin-
ska University Hospital, Stockholm, Sweden) as previously described.? In brief,
neutrophils were separated by density gradient centrifugation with Lymphoprep
(Axis Shield, Oslo, Norway) and then subjected to gradient sedimentation in a 5%
dextran solution and hypotonic lysis of residual erythrocytes. Isolated neutrophils
were maintained in phenol red-free RPMI-1640 culture medium (Sigma) supple-
mented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin
without serum (FBS) in 5% CO, at 37°C.

The identity of the blood donors was unknown to the scientists performing the ex-
periments and the Ethical Committee for Human Studies in Stockholm has deter-
mined, in the context of a previous study, that no specific approval is required for
such studies as the data cannot be traced back to individual donors (protocol
2006/3:8).

Cytotoxicity Assessment
Freshly isolated primary human neutrophils were seeded in 96-well plates in phenol
red-free RPMI-1640 cell medium at a density of 1 x 10° cells/mL and exposed to
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PMA (Sigma-Aldrich) or small or large GO at the indicated concentrations, or were
maintained in cell medium alone (negative control) at 37°C, in a humidified 5%
CO; incubator. Then, cells were lysed, and total cellular ATP content was quantified
with a luminescence-based Cell Viability Kit SL (BioThema, Sweden), according to
the manufacturer’s protocol. Luminescence was detected with an Infinite F200 Tecan
plate reader (Ménnendorf, Switzerland).

TEM

For ultrastructural studies, freshly isolated neutrophils were exposed to 12.5 pg/mL
of GO-L or GO-S, or left unstimulated for 2 hr at 37°C. The samples were then fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer, rinsed in phosphate buffer (PB),
and centrifuged. The pellets were then post fixed in 2% osmium tetroxide in 0.1 M PB
(pH 7.4) at 4°C for 2 hr, dehydrated in ethanol followed by acetone, and embedded
in LX-112 (Ladd, Burlington, VT). Ultrathin sections (~60-80 nm) were cut by a Leica
ultracut UCT and contrasted with uranyl acetate followed by lead citrate and exam-
ined with in Tecnai 12 Spirit Bio TWIN electron microscope (Fei, Eindhoven, the
Netherlands) at 100 kV. Digital images were captured with a Veleta camera
(Olympus Soft Imaging Solutions GmbH, Miinster, Germany).

NET Formation

SEM

SEM to visualize NETs was performed as described previously.”® In brief, freshly
isolated neutrophils were seeded at a density of 1 X 10° cells/ml on poly-L-lysine-
coated coverslips. After incubation with 25 nM PMA or 12.5 pg/mL of small and large
GO for 3 hr at 37°C, samples were fixed with 2.5% glutaraldehyde in 0.1 M PB.
Samples were then rinsed briefly in dH,O and placed in 70% ethanol for 10 min
followed by 95% ethanol for 10 min, absolute ethanol for 15 min, and finally in
acetone. Samples were dried with a critical point dryer (Balzer, CPD 010, Lichten-
stein) and CO,. After drying, mounting on an aluminum stub, and coating with car-
bon (Bal-Tec MED 010, Lichtenstein), SEM was carried out. Samples were analyzed
with an Ultra 55 field emission microscope (Zeiss, Oberkochen, Germany) at 3 kV.

NE Activity

NE activity in the cell culture supernatants was analyzed as described before.*°
Freshly isolated neutrophils were seeded at a density of 1 x 10° cells/mL in phenol
red-free RPMI-1640 medium in 96-well plates, 200 pl/well, and incubated with
25 nM PMA, 6.25 pg/mL or 12.5 pg/mL of GO-S and GO-L, 10 mM MBCD (Sigma),
or left unstimulated for 3 hr at 37°C. In some experiments, before the exposure to
GO, neutrophils were pre-incubated for 30 min with 10 pM DPI or 500 pM Trolox,
a water-soluble analog of vitamin E, both from Sigma. After exposure, the cell
medium was collected through repetitive pipetting and centrifuged at 1,600 rpm
for 6 min. Then, 150 uL of supernatant was retrieved and used for assessing NE ac-
tivity. In brief, 50 uL of sample was incubated with 0.3 U/pL of DNasel (QIAGEN) for
15 min at room temperature, then 50 plL of assay buffer (Tris 0.1 M, NaCl 0.5 M [pH 8])
containing N-(methoxysuccinyl)-Ala-Ala-Pro-Val-4-nitroanilide (Sigma) at a final con-
centration of 200 pM was added. After incubation for 3 hr at room temperature,
absorbance at 405 nm was measured with an Infinite F200 Tecan plate reader
(Ménnendorf, Switzerland). To understand the role of mitochondrial ROS, neutro-
phils were pre-incubated with MitoTEMPO (10 pM) for 30 min in RPMI-1640 cell
culture medium and then exposed to 12.5 pg/mL of GO-S and GO-L for 3 hr at
37°C 5% COx. In addition, to assess the role of (extracellular) calcium, neutrophils
were exposed to GO as indicated above, in the presence or absence of EGTA
(10 mM).

Cell

Chem 4, 334-358, February 8, 2018

353




Chem

Confocal Microscopy to Visualize NETs

Freshly isolated neutrophils were seeded at a density of 1 x 10 cells/mL on poly-
L-lysine-coated coverslips in a 24-well plate in the presence or absence of 25 nM
PMA or 12.5 pg/mL of GO-S/GO-L and cells were cultured for 3 hr at 37°C. After
incubation, fixation in 2% paraformaldehyde solution for 30 min was performed,
followed by 30 min blocking with 2% BSA in PBS solution. Staining with primary
rabbit antibody against NE (Calbiochem, San Diego, CA) was performed for 1 hr
at room temperature at 1:300 in 2% BSA in PBS, followed by staining with second-
ary fluorescein isothiocyanate (FITC)-labeled anti-rabbit secondary antibody
(Sigma) for 45 min at room temperature at 1:500 in 2% BSA in PBS. Slides were
then mounted with ProLong Gold Antifade Mountant with DAPI (Thermo Scientific)
and visualized with a ZEISS LSM510META confocal microscope (Carl Zeiss, Ober-
kochen, Germany).

Lipid Raft and Cholesterol Detection

Freshly isolated neutrophils were pre-incubated for 30 min with or without Trolox
(500 pM), then seeded at a density of 1 x 10° cells/mL in phenol red-free RPMI-
1640 medium in a 96-well plate, 200 plL/well, and incubated with 25 nM PMA,
12.5 ng/mL GO-S and GO-L, 10 mM MBCD (Sigma), or left unstimulated for 1 hr
at 37°C. After the exposure, the cell medium was removed, and the cells were fixed
according to the instructions in the Cholesterol Assay Kit (Abcam) and stained for
1 hr with filipin Il dye provided with the kit. After further washing, filipin [l fluores-
cence was measured at an excitation and emission of 360 and 465 nm, respectively
(bandwidth Ex and Em + 35 and 35 nm, respectively), with an Infinite F200 Tecan
plate reader (Mdnnendorf, Switzerland). For membrane cholesterol content assess-
ment, freshly isolated neutrophils were pre-incubated for 30 min with or without
Trolox (500 uM), followed by 1 hr exposure with GO or MBCD at the indicated
concentrations. Cells were then stained with the Cholesterol Assay Kit (Abcam)
according to the manufacturers’ instruction. This assay makes us of filipin IIl, the pre-
dominant isomer of filipin, which is widely used as a probe for sterol location in bio-
logical membranes. For the study of lipid rafts,®” cells were either pre-incubated for
30 min with or without Trolox (500 pM) and then exposed for 1 hrto GO or MBCD at
the indicated concentrations. Cells were then fixed and stained with CTXB (Recom-
binant)-Alexa Fluor 594 Conjugate (Thermo Fisher Scientific, Sweden) for 45 min at
room temperature. Slides were mounted with ProLong Gold Antifade Mountant with
DAPI (Thermo Scientific) and visualized with a ZEISS LSM510META confocal micro-
scope (Carl Zeiss, Oberkochen, Germany).

Calcium Measurements

The intracellular calcium (Ca®*) level in neutrophils was measured with a Fluo-4
Direct Calcium Assay Kit (Invitrogen). Freshly isolated neutrophils were incubated
at 37°C in a water bath for 45 min in the pre-warmed (37°C) Fluo-4 Direct calcium
buffer containing 5 mM probenecid and Fluo-4 Direct calcium reagent supplied
with the Fluo-4 Direct Calcium Assay Kit (Thermo Fisher Scientific, Sweden) and
RPMI-1640 cell culture medium in 1:1 ratio according to the manufacturers’ instruc-
tions. After incubation, this solution was removed by centrifugation at 1,000 rpm,
and the cells were washed and re-suspended in cell culture medium. Cells were
then exposed to 12.5 ng/mL GO-S and GO-L for the indicated time points in
clear-bottom black 96-well plates at a density of 1 x 10° cells/mL and 200 L cell sus-
pension/well at 37°C in a 5% CO; incubator. The Ca’* ionophore, ionomycin (1 uM)
was used as a positive control. At different exposure time points, the fluorescence
intensity of the calcium-sensitive dye was measured at an excitation and emission
of 485 and 535 nm, respectively (bandwidth Ex and Em + 20 and 25 nm,
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respectively), with an Infinite F200 Tecan plate reader (Médnnendorf, Switzerland).
The fluorescent intensity measured is directly proportional to the intracellular Ca?*
level. The results are expressed as a percent increase in comparison with the unex-
posed negative control cells.

Mitochondrial ROS Production

Mitochondrial superoxide production was measured by MitoSOX Red reagent
(Thermo Fisher Scientific, Sweden), which is a live-cell permeant dye that is rapidly
and selectively incorporated in mitochondria. In brief, freshly isolated neutrophils
were pre-loaded with 5 pM MitoSOX in PBS for 10 min in a 37°C water bath.
Then, the cells were washed to remove the excess unloaded MitoSOX dye and re-
suspended in the RPMI-1640 cell culture medium. Cells were then exposed at a den-
sity of 10 cells/mL and 200 L cell suspension/well to 12.5 pg/mL of GO-S and GO-L
for the indicated time points in the presence or absence of the calcium-chelating
agent, EGTA (10 mM) (Sigma). The fluorescence intensity of the MitoSOX Red
reagent was measured at an excitation and emission of 540 and 590 nm, respectively
(bandwidth Ex and Em + 24 and 20 nm, respectively), with an Infinite F200 Tecan
plate reader (Mannendorf). The fluorescent intensity measured is directly propor-
tional to the superoxide produced in the mitochondria of the cells. The results are
expressed as a percent increase in comparison with the unexposed negative control
cells.

ToF-SIMS

Freshly isolated neutrophils were exposed to 12.5 pg/mL GO-S or GO-L, 25 nM
PMA, or 10 mM MBCD indicated and seeded on poly-L-lysine (Sigma)-coated
glass slides for 1 hr at 37°C in a 5% CO; incubator. After the exposure period,
the cells were gently washed with ammonium acetate for 30 s and then air dried
for 24 hr in a laminar flow hood as described by Brison et al.?* For some exper-
iments, cells were pre-incubated with or without Trolox (500 uM) before exposure
to GO. The slides were then analyzed by ToF-SIMS for cell membrane lipid
compositional changes. ToF-SIMS imaging was performed with a TOF.SIMS V
(ION-TOF GmbH, Munster, Germany) equipped with a bismuth liquid metal ion
gun.®® Data were recorded in positive and negative ion modes, and spectra
were acquired with Bi** (25 keV) primary ions. High-mass-resolution images
from neutrophils were obtained in high current bunched mode with a pulsed
primary ion current of 0.34 pA, and the maximum ion dose density was 1.5 X
10"? ions/cm?. The burst alignment imaging mode was used for high lateral
resolution imaging with approximately 580-970 nm/pixel resolution and a fluence
of 3.66 x 10" ions/cm?. In total at least three images for each experimental con-
dition were analyzed. The Surfacelab 6 software (v.6.6, ION-TOF) was used for all
spectra and image recording, processing, image analysis, and 3D image anal-
ysis.85 The mass spectra were internally calibrated to signals of [C]7, [CH]~,
[Cal 7, [C3] ~ and [C]", [CHyl+, [CH3]Y, and [CsH42N] for negative and positive
ion mode, respectively. Depth profiling was performed in the non-interlaced
mode with Cgo°" ions at a current of 0.180 nA, sputtering a crater of 400 x
400 pm and analyzing an area of 151 x 151 um with Bis ions reaching a fluence
of 1.14 x 10" ions/cm? and an approximated depth of >800 nm for the full
depth profile. In addition, acellular experiments were performed in which choles-
terol (100 mg/mL in ethanol) (Cy7H460; catalog no. C3045, Sigma-Aldrich) was
drop casted on glass slides and incubated with GO-S or GO-L at the indicated
concentrations for 3 hr. The samples were removed and air dried under sterile
conditions in a laminar air flow hood for 18 hr and subjected to analysis of choles-
terol oxidation by ToF-SIMS, as described above.
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Statistics

Endotoxin testing and cell viability assays were performed with cells isolated from
four individual human donors, and each experiment was conducted with three repli-
cate samples. NET formation assays and Ca®* and ROS assays were all performed
with cells from three to four individual human donors, and each experiment was con-
ducted with three to six replicates. One-way ANOVA was performed as indicated in
the respective figures with post hoc Turkey’s multiple-comparison test. *p < 0.05;
**p < 0.01; ***p < 0.001.
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Table S1 | Summary of the physicochemical characterization of GO-L and GO-S

Technique GO-L GO-S
Lateral dimension Optical microscopy 3 um - 60 ym -

TEM 6-40 pm 0.1-2pum

AFM 15-20 ym 0.050 - 0.5 ym
Thickness AFM 1 nm (1 layer) 1.4 £ 0.5 nm (1-2 layers)
Optical properties Absorbance A230=0.046 * Cgo (Mg/mL) A230=0.050 * Cgo (ug/mL)

Degree of defects (Ip/lg)
Surface charge

Functionalization degree

Chemical composition (Purity)

C:O ratio

m-r*, 0-C=0, C=0, C-0-C, C=C

Fluorescence, Agxc525 nm
Raman

{-potential

TGA

XPS

XPS
XPS

Fs06=0.864 * Cgo (ug/mL)
1.33+0.03

552+ 1.8mV

39%

C: 67.3%, O: 32.3%, (99.6%)

S:0.2%, Si: 0.2%

21

2.1%, 10.7%, 19.9%, 7.7%, 26.9%

Fe00=0.823 * Cgo (ug/mL)
1.36 +0.03

559+ 1.4 mV

41%

C: 67.6%, O: 32.2%, (99.8%)
S:0.2%

2,1

2.0%, 10.3%, 21.1%, 7.6%, 26.5%

GO-S and GO-L samples dispersed in dH,0. Refer also to Figure 1 and Figure S1. For characterization in cell culture medium, refer to Figure S2.
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Figure S1. Characterization of as synthesized GO-L and GO-S. (a) Normalized Raman spectra. (b)
TGA analysis. (c) High resolution C1s XPS spectra. Refer to Table S1 for a summary of characterization
results.
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Figure S2. Characterization of GO-L and GO-S in cell culture medium. (a) AFM of GO-L and GO-S
dispersed in cell culture medium: height images (left) and thickness analysis from the cross-section
(right). Scale bars = 4 um. (b) DLS and zeta-potential measurements of GO-L and GO-S dispersed in cell
medium.
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Figure S3. Membrane interactions of GO with freshly isolated human neutrophils. TEM
micrographs of primary human neutrophils incubated with GO-L or GO-S (12.5 pg/mL) for 2 h.
Evidence of membrane ‘stripping’ can be seen, in particular for neutrophils incubated with
GO-L (*, upper right panel), but few instances of cellular uptake of GO sheets are noted.

Scale bars (GO-L): 5 um, 1 um, and 500 nm, respectively; (GO-S): 2 um, 500 nm, and 500 nm,
respectively.
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Figure S4. Cholesterol depletion. MBCD, a known cholesterol-depleting agent,
disrupts lipid rafts, as evidenced by CTXB staining (a), and reduces the amount of
cholesterol in neutrophils, as shown by imaging of filipin Ill staining (b). GO-L (12.5
ug/mL) and MBCD both cause a reduction of cholesterol in neutrophil cell membranes

(c).
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Figure S5. Lipid raft disruption. Confocal imaging of freshly isolated neutrophils incubated for 1 h with
the cholesterol-depleting agent, MBCD (10 mM) versus GO-L or GO-S (12.5 pg/mL) with or without pre-
incubation for 30 min with the antioxidant, Trolox (500 uM). Cells were labeled with Alexa Fluor® 594-
conjugated cholera toxin B (CTXB) and counterstained with DAPI. GO-L caused a disruption of lipid rafts.
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Figure S6. TOF-SIMS analysis of neutrophils exposed to GO. High mass resolution ToF-SIMS
spectra comparing control (blue) and GO exposed neutrophils (red) in positive (a) and negative
ion mode (b), respectively. lon dose for each experiment ranged between 6.2 and 9.9x10"!
ions/cm?. Region-of-interest spectra from the cells were selected from fields of view ranging
from 150x150 um to 250x250 um. The spectra were normalized to the total ion dose for each
experiment. In negative mode, cells exposed to GO-L (12.5 pg/mL) showed a general decrease
in cholesterol and highly elevated levels of oxidized cholesterol species such as 7-
ketocholesterol (C,,H,50,, [M-H]), hydroxycholestanedione (C,,H,,05, [M-H]), alliosterol
(C,7H,460,, [M-H]).



Figure S7. ToF-SIMS analysis of MBCD and PMA exposed cells. High spatial resolution
ToF-SIMS images showing neutrophils exposed to (a) the cholesterol depleting agent,
MPBCD (10 mM), and (b) the phorbol ester, PMA (25 nM), a known trigger of NETSs, in
negative ion mode. Images shown are (from left to right) PO, at m/z=79; [C,H,PO¢] at
m/z=181; c16:0 fatty acids at m/z=255; c18:0 fatty acids at m/z=281; cholesterol [C,,H,;O]
at m/z=386. Fields of view 150x150 um at a pixel resolution of 580 nm. lon dose: 5.80e+12
ions/cm?2.
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Figure S8. Schematic diagram of cholesterol oxidation. Carbon radicals on GO are suggested to initiate a
non-enzymatic oxidation reaction leading to the formation of 7-ketocholesterol in neutrophil membranes.
PUFA, polyunsaturated fatty acid. Oxidation of cholesterol may disrupt the integrity of lipid rafts with
formation of NETs. Furthermore, the antioxidant, Trolox reduces cholesterol oxidation and NET formation.
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