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ABSTRACT: Graphene oxide (GO), an oxidized form of graphene, has
potential applications in biomedical research. However, how GO interacts
with biological systems, including the innate immune system, is poorly
understood. Here, we elucidate the effects of GO sheets on macrophages,
identifying distinctive effects of GO on the inflammatory phenotype. Small,
thin (s)-GO dose-dependently inhibited release of interleukin (IL)-1β and
IL-6 but not tumor necrosis factor α. NLRP3 inflammasome and caspase-1
activation was not affected. The effect of s-GO was pretranslational, as s-
GO blocked Toll-like receptor 4-dependent expression of Il1b and Il6 but
not Nlrp3 or Tnf mRNA transcripts. s-GO was internalized by
immortalized bone-marrow-derived macrophages, suggesting a potential
intracellular action. Uptake of polystyrene beads with similar lateral
dimensions and surface charge did not phenocopy the effects of s-GO,
suggesting that s-GO-mediated inhibition of interleukin expression was not
simply due to particle phagocytosis. RNA-Seq analysis established that s-GO had profound effects on the
immunometabolism of the cells, leading to activation of the transcription factor nuclear factor erythroid 2-related
factor 2, which inhibited expression of cytokines such as IL-1β and IL-6. Thus, we have identified immunometabolic
effects of GO that reveal another dimension to its effects on cells. These findings suggest that s-GO may be used as a
valuable tool to generate further insights into inflammatory mechanisms and indicate its potential applications in
biomedicine.
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Graphene is a two-dimensional nanomaterial that is
derived from graphite and consists of a single layer of
sp2 carbon atoms organized in a hexagonal lattice

structure.1 Graphene oxide (GO) is a derivative of graphene
that possesses oxygen-containing functional groups on its
surface, improving its colloidal properties and allowing a more
stable dispersion in aqueous media.2 GO has promise as a tool
for use in biological applications, such as bioimaging,
biosensing, drug delivery, and tissue engineering.3−6 Thus, it
is important to understand the interactions of GO with major
biological systems. In particular, the particle-like properties of

GO make it a likely candidate to interact with innate immune
cells and subsequently influence inflammatory responses.
Inflammation is an important component of the innate

immune system, promoting pathogen clearance and host
survival after infection. However, the innate immune system
can also detect markers of cellular damage or stress that occur
in the absence of infection and trigger an inflammatory
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response.7 Inflammation is increasingly implicated in the
pathophysiology of many diseases, including cancer, obesity,
diabetes, Alzheimer’s disease, and stroke.8−11

Innate immune cells, including macrophages and neutro-
phils, express pattern recognition receptors (PRRs) that
respond to specific pathogen-derived motifs or signals of
cellular stress or death derived from the host, termed
pathogen-associated molecular patterns (PAMPs) and dam-
age-associated molecular patterns (DAMPs), respectively.
PRRs can be simplistically divided into membrane-bound
and soluble.12 Membrane-bound PRRs, which include the
Toll-like receptor (TLR) family, survey the extracellular or
vesicle lumen space for PAMPs and DAMPs, whereas soluble
PRRs monitor the cytosolic compartment. Some soluble PRRs
form oligomeric protein complexes called inflammasomes,
which are responsible for the regulation of pro-inflammatory
responses upon detection of infection or injury.13 These
inflammasome-forming PRRs include NACHT, LRR, and PYD
domain-containing protein 3 (NLRP3), NLRP1, NLR and
caspase activation and recruitment domain-containing 4
(NLRC4), absent in melanoma 2 (AIM2) and pyrin.13−17

NLRP3 is a key regulator of sterile (non-infectious)
inflammation and therefore represents a major therapeutic
target.
Basal NLRP3 expression in resting cells is not sufficient to

form active inflammasomes in response to infection or damage
without an initial priming step.18 Priming typically occurs
through membrane-bound PRRs, which detect PAMPs or
DAMPs. An example of a commonly studied PAMP is
lipopolysaccharide (LPS), which activates the PRR TLR4.19

This in turn leads to the generation of intracellular signaling
cascades, eventually causing the nuclear accumulation of the
transcription factor nuclear factor (NF)-κB, where it drives
inflammatory gene expression.20 NF-κB-dependent genes
include Nlrp3, Il1b, Tnf, and Il6.21−24 The NLRP3 protein
must be licensed prior to activation through post-translational
deubiquitination and phosphorylation.25−28 Following priming,
NLRP3 is activated in response to detection of a further PAMP
or DAMP stimulus. PAMPs include nigericin (a K+

ionophore), whereas examples of DAMPs are extracellular
adenosine triphosphate (ATP) acting via the P2X7 receptor,
aggregated amyloid-β, and crystals of monosodium urate.29−31

Once activated, NLRP3 interacts with an adaptor protein
called apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC). The ASC molecules

within the cell then nucleate to form a speck, which serves as a
platform for recruitment of pro-caspase-1, facilitating its
proximity-induced autocleavage and activation.32 Caspase-1
processes the inactive precursor of interleukin (IL)-1β, pro-IL-
1β, into its active pro-inflammatory secreted form.33 Although
the mechanism of IL-1β release from macrophages is unclear, it
may be dependent upon a hyperpermeable membrane.34,35

This study aimed to test the effects of different lateral
dimension GO sheets (small (s-), ultrasmall (us-), and large (l-
)) on inflammasome responses in macrophages. We report that
s-GO had a profound effect on the immunometabolism of the
cell, leading to altered cytokine production in response to an
inflammatory challenge. These insights reveal important
information about the effects of GO within cells and indicate
its potential applications in biomedicine.

RESULTS
Synthesis and Characterization of GO Sheets. A

modified Hummers method optimized for biological inves-
tigations (see Methods) was used to synthesize thin l-, s-, and
us-GO sheets. The GO suspensions in water-based solutions
were homogeneous, of brownish color, and stable at room
temperature for at least 6 months. The detailed description of
the synthesis, purification, and physicochemical character-
ization of all three types of GO sheets used in this study have
been recently reported elsewhere36 and are summarized in
Table 1. Lateral dimensions of l-, s-, and us-GO sheets are
distributed between 0.5−32 μm, 30 nm and 3 μm, and 20−300
nm, respectively. The structural description of the GO sheets
was studied using atomic force microscopy (AFM) (Figure
S1). Thickness of the sheets was found to be between 1 and 5
nm for l-GO, 1 and 7 nm for s-GO, and 1 and 4 nm for us-GO
(Table 1 and Figure S1). Materials were tested for endotoxin
contamination as previously reported37 and were all found to
be endotoxin-free before any further study was performed.

s-GO Inhibits NLRP3 Inflammasome-Dependent IL-1β
Release. To evaluate the effect of s-GO on NLRP3
inflammasome activation and IL-1β release, s-GO (1−25 μg
mL−1, 22 h) was applied to murine immortalized bone-
marrow-derived macrophages (iBMDMs) prior to addition of
LPS (1 μg mL−1, 2 h) and then ATP (5 mM, 1 h) (Figure 1A).
s-GO alone did not induce cytotoxicity at any of the
concentrations tested nor when followed by the addition of
LPS to the culture medium (Figure 1B). This is important as
we can now exclude cell death as an explanation for effects

Table 1. Full Physicochemical Analysis and Characterization of l-GO, s-GO, and us-GO Materials Useda

parameter technique l-GO s-GO us-GO

lateral dimension optical
microscopy

1 μm to 32 μm

AFM 5−20 μm 30−700 nm 30−300 nm
TEM 0.5−15 μm 50 nm to 3 μm 20−200 nm

thickness AFM 1 nm−5 nm 1−7 nm 1−4 nm
degree of defects I(D)/I(G) Raman 1.30 ± 0.09 1.35 ± 0.03 1.34 ± 0.03
surface charge ζ-potential −61.7 ± 1.8 mV −55.0 ± 0.8 mV −34.8 ± 0.1 mV
functionalization degree TGA 37% 39% 37%
chemical composition XPS C, 68.3%; O, 31.5%; N, 0.3% C, 67.8%; O, 31.8%; N, 0.4%;

Na, 0.1%
C, 68.4%; O, 31.0%; N, 0.4%;
Na, 0.3%

purity (C/O ratio) XPS 99.7% (2.2) 99.5% (2.1) 99.4% (2.2)
π−π*, OC−O, CO, C−O, C−C,
and CC

XPS 1.3%, 16.8%, 33.1%, 10.1%,
38.7%

1.3%, 15.1%, 31.2%, 12.7%,
39.8%

1.7%, 15.4%, 28.9%, 9.6%, 44.4%

aAbbreviations: AFM, atomic force microscopy; TEM, transmission electron microscopy; TGA, thermogravimetric analysis; XPS, X-ray
photoelectron spectroscopy.
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observed on cytokine production. s-GO alone at any dose did
not induce any IL-1β, IL-6, or tumor necrosis factor (TNF)-α
release compared with vehicle treatment, indicating that s-GO
is not inherently pro-inflammatory (Figure 1C−E). Upon
activation of the NLRP3 inflammasome with ATP, pretreat-

ment with s-GO reduced ATP-dependent cell death at doses of
5, 10, and 25 μg mL−1, with the largest reduction observed at
10 μg mL−1 (Figure 1B). s-GO treatment dose-dependently
inhibited IL-1β release from iBMDMs after inflammasome
activation with LPS and ATP in comparison with vehicle-

Figure 1. s-GO inhibits NLRP3 inflammasome-dependent IL-1β release from iBMDMs. (A) Schematic of the cell treatment protocol. (B−E)
iBMDMs were incubated in culture medium only, vehicle, or varying doses of s-GO (1−25 μg mL−1, 22 h) before LPS (1 μg mL−1, 2 h) was
added directly to the culture medium, followed by ATP (5 mM, 1 h; n = 4). (B) Cell death, (C) IL-1β release, (D) IL-6 release, and (E)
TNF-α release were measured. (F,G) iBMDMs were incubated in culture medium only, vehicle, or s-GO (10 μg mL−1, 22 h) before addition
of LPS (1 μg mL−1, 2 h) and nigericin (10 μM, 1 h; n = 4). (F) IL-1β release and (G) cell death were measured. Cell death was measured as
lactate dehydrogenase (LDH) release normalized to a total cell lysis control, and all cytokine measurements were carried out by ELISA. Data
are presented as mean ± SEM. Cytokine release and cell death assays were analyzed using two-way ANOVA with Dunnett’s posthoc test
(versus vehicle within each group). *P < 0.05; **P < 0.01; ***P < 0.001.
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treated cells (Figure 1C). LPS-induced IL-6 release was also
significantly decreased by s-GO at 10 and 25 μg mL−1, whereas
TNF-α release was not significantly affected by s-GO apart
from at 25 μg mL−1 (Figure 1D,E). Furthermore, treatment
with s-GO (10 μg mL−1) prior to stimulation with nigericin, a
P2X7 receptor-independent activator of NLRP3, also signifi-
cantly inhibited IL-1β release, indicating that the inhibitory
effects of s-GO were not P2X7 receptor-dependent (Figure
1F). s-GO did not inhibit nigericin-induced cell death (Figure
1G). To further explore a potential structure−activity relation-
ship between GO and IL-1β release, we compared the effects
of us- and l-GO sheets (Table 1 and Figure S2). The different
sizes of GO (all 10 μg mL−1) were added to iBMDMs for 22 h
before the addition of LPS (1 μg mL−1, 2 h) followed by
nigericin (10 μM, 1 h). The effects of us-GO and l-GO on the
expression and release of IL-1β and release of IL-6 were
comparable to the effects of s-GO, with the greatest effect
observed with l-GO (Figure S2A−D).
Primary murine mixed glial cultures, which consist of

astrocytes, microglia, and oligodendrocyte/type-2 astrocyte
progenitor cells,38 were treated with s-GO to assess whether
these effects could be observed in brain-derived cells,
indicating potential applications of s-GO in the brain. s-GO
inhibition of interleukin release was not limited to iBMDMs, as
s-GO also blocked LPS and ATP-induced IL-1β release and

LPS-induced IL-6 release from mixed glial cells (Figure 2A,C).
s-GO did not induce cell death either alone or when followed
by LPS treatment (Figure 2B). s-GO did not affect ATP-
induced cell death of the mixed glial cells (Figure 2B). To
confirm that GO can influence microglial cell production of IL-
1β, we assessed GO’s effect in mouse BV-2 microglia. BV-2
cells were treated with s-GO or l-GO (10 μg mL−1, 21 h) and
then treated with LPS (1 μg mL−1, 3 h). Western blot of cell
lysates showed that, consistent with the data in primary mixed
glial cultures, in response to LPS, there was reduced IL-1β in
BV-2 microglia that had been treated with GO (Figure S3).

NLRP3 Inflammasome Activation Is Not Affected by
s-GO, but Intracellular Expression of Pro-IL-1β Is
Reduced. Inflammasome activation is typified by the
formation of an ASC speck, which results from the
oligomerization of cytosolic ASC to act as a platform for
caspase-1 recruitment.32 iBMDMs stably expressing ASC−
mCherry39 were pretreated with s-GO (10 μg mL−1, 22 h)
prior to LPS and nigericin stimulation (Figure 3A,Bi−v).
Representative images of each treatment in the absence and
presence of MCC950, a potent NLRP3 inflammasome
inhibitor,40 at a 2.75 h time point are shown (Figure 3A). s-
GO alone did not induce ASC speck formation (Figure 3Bi).
LPS alone induced some speck formation, and this was slightly
reduced by s-GO treatment compared with vehicle treatment

Figure 2. s-GO inhibits NLRP3 inflammasome-dependent IL-1β release from mixed glia. (A−C) Mixed glial cells were incubated in culture
medium only, vehicle, or varying doses of s-GO (1−25 μg mL−1, 21 h) before LPS (1 μg mL−1, 3 h) was added to the culture medium,
followed by ATP (5 mM, 1 h; n = 3). (A) IL-1β release, (B) cell death, and (C) IL-6 release were measured. Cell death was measured as LDH
release normalized to a total cell lysis control, and all cytokine measurements were carried out by ELISA. Data are presented as mean ±
SEM. Data were analyzed using repeated measures two-way ANOVA with Dunnett’s posthoc test (versus vehicle within each group). *P <
0.05; **P < 0.01; ***P < 0.001.
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Figure 3. s-GO does not block ASC speck formation or caspase-1 maturation but depletes cytosolic pro-IL-1β. (A,Bi−iv) iBMDMs stably
expressing ASC−mCherry were incubated in culture medium alone, vehicle, or s-GO (10 μg mL−1, 22 h) prior to stimulation with LPS (1 μg
mL−1, 2 h) and nigericin (10 μM, 2.5 h; n = 4). Speck formation was measured over a period of 2.75 h. A baseline image was acquired before
addition of nigericin at 15 min. (A) Representative images from each group are shown in the absence and presence of MCC950 (10 μM).
The scale bar represents 50 μm. Insets in the control treatment images show an ASC speck in an activated cell or diffuse ASC in a cell treated
with MCC950. ASC speck formation was measured over 2.75 h following (Bi) treatments alone, (Bii) treatments followed by LPS
stimulation, (Biii) treatments followed by LPS and nigericin stimulation, or (Biv) in the presence of MCC950. (Bv) Number of ASC specks
was assessed at 2.75 h. Speck formation was normalized to the LPS Nig control (no vehicle or s-GO pretreatment). (C) iBMDMs were
incubated in culture medium alone, vehicle, or s-GO (10 μg mL−1, 22 h) prior to stimulation with LPS (1 μg mL−1, 2 h) and nigericin (10
μM, 1 h). Cells were lysed in-well and probed for caspase-1, IL-1β, and NLRP3 by western blotting. (D) iBMDMs or (E) mixed glia were
incubated in culture medium alone, vehicle, or s-GO (1−25 μg mL−1, 22 or 21 h) prior to stimulation with LPS (1 μg mL−1, 2 or 3 h). Cell
lysates were probed for IL-1β and NLRP3 by western blotting. Data are presented as mean ± SEM. Time course data were analyzed using
two-way ANOVA with Dunnett’s posthoc test. #P < 0.05 CTL vs Veh; *P < 0.05 s-GO vs Veh; **P < 0.01 s-GO vs Veh. End time point data
were analyzed using unmatched one-way ANOVA with Sidak’s posthoc test; ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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at the final three time points (Figure 3Bii). Specks formed 15−
30 min after addition of nigericin in each treatment group and

peaked at approximately 1 h (Figure 3Biii). s-GO pretreatment
did not inhibit ASC speck formation, whereas MCC950

Figure 4. s-GO selectively inhibits LPS-induced interleukin mRNA expression. (A−H) iBMDMs were treated with vehicle or s-GO (10 μg
mL−1, 22 h) before the addition of LPS (1 μg mL−1, 2 h; n = 3). (I−P) Mixed glia were treated with vehicle or s-GO (25 μg mL−1, 21 h)
before the addition of LPS (3 h; n = 4). The expression of various key inflammatory genes was assessed using RT-qPCR. Data are presented
as mean ± SEM and expressed relative to expression of a housekeeping gene and then normalized to the vehicle treatment. Data were
analyzed using unmatched (iBMDM) or repeated measures (mixed glia) one-way ANOVA with Sidak’s posthoc test; ns, not significant; *P <
0.05; **P < 0.01; ***P < 0.001.
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completely abolished ASC speck formation in response to
nigericin treatment in all groups (Figure 3A,Biii−v). Using
western blotting, the active p10 caspase-1 fragment was
observed in iBMDMs that had been treated with s-GO (10
μg mL−1) followed by treatment with LPS and nigericin,

although this dose of s-GO inhibited IL-1β release (Figure
3C). Western blotting was also used to show that the level of
NLRP3 protein was not affected by s-GO treatment (Figure
3C). Together, these data suggested that s-GO inhibited IL-1β
release independently of NLRP3 inflammasome inhibition.

Figure 5. s-GO is efficiently internalized by macrophages. iBMDMs were treated with vehicle, s-GO (25 μg mL−1), or red fluorescent
carboxylate 100 nm diameter beads (5, 25, 50, 200 μg mL−1, 22 h; n = 3). Uptake of (A) s-GO (594/620−690 nm, red) and (B) beads (580/
605 nm, red) was imaged using a confocal microscope. Cell membranes were stained with CellMask Green plasma membrane stain (488/520
nm, green). Scale bars represent 10, 20, or 50 μm. (C−E) iBMDMs pretreated with s-GO or beads were stimulated with LPS (1 μg mL−1, 2
h) and nigericin (10 μM, 1 h). Supernatants were analyzed by ELISA for (C) IL-1β release upon LPS and ATP stimulation and (D) TNF-α
release upon LPS priming. (Ei) Cell lysates of LPS-primed cells were probed for pro-IL-1β and NLRP3 by western blotting. (Eii,iii)
Densitometry for the pro-IL-1β and NLRP3 western blots was performed on three independent experiments. Data are presented as mean ±
SEM. Data were analyzed using unmatched one-way ANOVA with Sidak’s posthoc test. ***P < 0.001 versus vehicle-treated cells; ##P < 0.01;
###P < 0.001 versus GO-treated cells.
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Using western blotting, levels of pro-IL-1β in the cell lysate
were found to be much lower in cells that received s-GO
treatment followed by LPS priming compared with cells
treated with LPS in the absence of s-GO (Figure 3C). This was
investigated further by assessing the level of cytosolic pro-IL-

1β in response to TLR4 activation following treatment with
varying doses of s-GO. There were dose-dependent decreases
in LPS-induced pro-IL-1β expression by s-GO treatment, with
a much less pronounced decrease in NLRP3 protein levels only
apparent at the higher s-GO doses (Figure 3D). Similar

Figure 6. Transcriptomics demonstrate that s-GO causes a metabolomic shift which drives an anti-inflammatory response via NRF2
activation. iBMDMs were treated with vehicle or s-GO (10 μg mL−1, 22 h) followed by LPS (1 μg mL−1, 2 h). RNA-Seq was then performed.
(A) Unguided principal component analysis revealed substantially different transcriptomic profiles between vehicle- and s-GO-treated cells.
(B,C) Volcano plots showing a large number of genes both upregulated and downregulated by s-GO treatment, particularly highlighting the
expression changes in genes involved in (B) glycolysis, the TCA cycle, and the ETC and (C) NF-κB- and NRF2-regulated genes. (D) Heat
maps of genes involved in glycolysis, the TCA cycle, and the ETC demonstrate a substantial shift to glycolysis and a shunt in the TCA cycle
toward itaconate production. (E) Heat maps showing dichotomic NF-κB responses to s-GO that correlate with IκBζ dependence and NRF2
activation, both of which are modulated by itaconate. (F) Heat maps of NRF2-regulated genes, suggesting that s-GO causes NRF2 activation,
and this mediates an anti-inflammatory response. (G) Anti-inflammatory effect of s-GO pretreatment (10 μg mL−1, 22 h) on iBMDMs
primed with LPS (1 μg mL−1, 2 h) is abated and reversed when performed in glucose-free media (PBS, 2 mM CaCl2, 10% FBS; n = 2),
demonstrating the dependence of the anti-inflammatory effects of s-GO on metabolism. Data are presented as mean ± SEM. Data were
analyzed using a two-tailed unpaired t test. **P < 0.01. (H) Proposed mechanism of action of s-GO on metabolism and gene regulation.
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decreases in cytosolic pro-IL-1β were observed in mixed glial
cells upon s-GO treatment (Figure 3E). Decreases in NLRP3
expression were also present at the higher doses of s-GO in the
mixed glia (Figure 3E). s-GO did not limit LPS priming
through sequestering LPS in the culture medium (Figure S4).
s-GO Inhibits Expression of Il1b mRNA. The selective

inhibition of pro-IL-1β expression prompted further inves-
tigation into the expression of inflammatory genes. iBMDMs
were treated with s-GO (10 μg mL−1, 22 h) and then primed
with LPS (1 μg mL−1, 2 h) prior to RT-qPCR analysis of genes
involved in NLRP3 inflammasome activation or TLR4
signaling (Figure 4A−H). s-GO alone did not induce changes
in levels of mRNA for Nlrp3, Tnf, Il1b, Il1a, Il18, Il6, or Il10
(Figure 4A,C−H). As expected, LPS caused a large transcrip-
tional upregulation of each of these inflammatory genes
(Figure 4A,C−H). Consistent with s-GO’s lack of effect on
NLRP3 inflammasome formation, s-GO did not block LPS-
induced upregulation of Nlrp3 mRNA nor did s-GO affect
expression of Pycard (ASC), which is constitutively expressed
in macrophages (Figure 4A,B).24 Tnf mRNA levels were
increased by s-GO following LPS priming (Figure 4C).
However, s-GO treatment significantly attenuated LPS-
induced increases in the mRNA of Il1b, Il1a, Il18, Il6, and
Il10 (Figure 4D−H).
Similar observations were made in mixed glial cells that were

treated with s-GO (25 μg mL−1, 21 h) before priming with
LPS (1 μg mL−1, 3 h; Figure 4I−P). Following priming, s-GO
did not significantly affect the upregulation of Nlrp3 or Il10
mRNA, and Tnf expression was again increased (Figure
4I,K,P). Although Pycard (ASC) was upregulated by LPS
priming in the vehicle group, no differences were observed
between s-GO and vehicle treatments (Figure 4J). Il18
expression was not significantly induced by LPS and was not
affected by s-GO (Figure 4N). s-GO significantly blocked LPS-
induced increases in Il1b and Il6 mRNA, although no
significant inhibition of Il1a mRNA was detected in response
to s-GO pretreatment (Figure 4L,M,O). s-GO alone, in the
absence of LPS, caused a reduction in expression of Il1b and an
increase in the expression of Il10 compared with vehicle
treatment alone but did not cause significant changes in the
other inflammatory genes assessed (Figure 4L,P).
s-GO Is Efficiently Internalized Prior to LPS Priming.

The cellular uptake of s-GO (25 μg mL−1, 22 h) was assessed
in iBMDMs by exploiting the autofluorescent properties of s-
GO using live cell confocal microscopy.41 s-GO was readily
taken up into cells and localized in phagolysosomal compart-
ments, occupying a large proportion of the cytoplasm (Figure
5A). To assess whether the process of particle phagocytosis per
se was responsible for the inhibition of pro-IL-1β expression,
the uptake of red fluorescent (580/605 nm) beads (5, 25, 50,
200 μg mL−1, FluoSpheres carboxylate-modified microspheres,
Invitrogen) was assessed. In order to mimic the lateral
dimensions and surface charge of s-GO, carboxyl-function-
alized beads with a diameter of 100 nm were chosen. These
beads were also found to be taken up efficiently by iBMDMs,
localizing in morphologically similar compartments as s-GO
(Figure 5B). Upon priming and subsequent activation of the
inflammasome, the 100 nm carboxylate beads did not inhibit
IL-1β release at any of the doses tested in comparison with
vehicle, whereas s-GO (25 μg mL−1) did inhibit IL-1β release
in comparison with both vehicle and each bead concentration
(Figure 5C). TNF-α release from LPS-primed cells was not
affected by pretreatment with s-GO or the fluorescent

carboxylate beads (Figure 5D). Furthermore, the carboxylate
beads did not significantly decrease the amount of pro-IL-1β in
the cell lysate, whereas s-GO reduced pro-IL-1β protein in
comparison with both vehicle and each bead concentration
(Figure 5Ei,ii). No significant effect was seen on NLRP3
protein levels in any of the treatment groups (Figure 5Ei,iii).
These data, and the data presented in Figure S2, suggest that s-
GO-dependent inhibition of interleukin expression is not
simply due to the process of particle phagocytosis.

Elucidating the Mechanism of s-GO-Dependent
Inflammatory Gene Regulation. To establish the mecha-
nism of action of GO, we treated iBMDMs with vehicle or s-
GO (10 μg mL−1, 22 h) prior to priming with LPS (1 μg mL−1,
2 h) and then extracted the RNA for analysis by RNA-Seq.
Unguided principal component analysis of the data revealed
substantially different transcriptomic profiles between vehicle-
and s-GO-treated cells (Figure 6A). Consistent with the data
presented in Figures 1−4, s-GO caused the selective inhibition
of certain inflammatory genes (e.g., Il6, Il1b, and Il1a), but
overall, the NF-κB pathway was not inhibited (Figure 6C,E).
The division between these NF-κB responses correlated with a
recently identified regulatory mechanism of NF-κB gene
regulation involving the transcription factor IκBζ, which is
necessary for expression of Il6, Il1b, and Il1a.42 To elucidate
the potential mechanism of IκBζ−NF-κB inhibition, enrich-
ment analyses were performed on the RNA-Seq data set. From
this, it was observed that a clear shift in immunometabolism
had occurred in the s-GO-treated cells. Glycolysis-associated
genes were substantially upregulated, electron transport chain
(ETC) genes were downregulated, and the tricarboxylic acid
(TCA) cycle genes were dichotomically modulated (Figure
6B,D). This metabolic shift would result in substantial changes
to the metabolome of the cells, including a pivot in the TCA
cycle, leading to accumulation of the metabolite itaconate.
Itaconate was recently discovered to have substantial anti-
inflammatory effects which target IκBζ-regulated genes,
including Il6 and Il1b, without altering NF-κB primary genes
such as Tnf (Figure 6H).42,43 To further study the importance
of glycolysis−TCA metabolism for the anti-inflammatory
effects of GO, an additional iBMDM experiment was
performed in the absence of the primary metabolic substrate
glucose. iBMDMs were treated with vehicle or s-GO (10 μg
mL−1, 22 h) in phosphate-buffered saline (PBS) containing 2
mM CaCl2 and 10% fetal bovine serum (FBS) prior to LPS
priming (1 μg mL−1, 2 h). We found that without input into
glycolysis−TCA metabolism, the anti-inflammatory effects of
s-GO were completely abated, and an underlying pro-
inflammatory effect of s-GO was revealed (Figure 6G). This
provided further evidence that s-GO was anti-inflammatory
through alterations in glycolysis−TCA metabolism, potentially
involving the metabolite itaconate.
The previously identified mechanism of itaconate-induced

IκBζ inhibition is both a direct effect of itaconate on IκBζ−
NF-κB transcription, as well as itaconate inducing the
activation of the transcription factor nuclear factor erythroid
2-related factor 2 (NRF2). Thus, if itaconate was the central
mediator of the anti-inflammatory effect of GO, NRF2-
regulated genes should be upregulated in the RNA-Seq data
set, and indeed, this is exactly what was observed. Further
RNA-Seq enrichment analyses were performed, and a
substantial enrichment of NRF2-regulated genes was found,
with upregulation of Hmox1, Ftl1, and Gstp1 (Figure 6F) and
downregulation of genes previously identified to be negatively
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regulated by NRF2 via the inhibition of RNA Pol II
recruitment to IκBζ−NF-κB-regulated genes, including Il1b,
Il1a, and Il6.44 Thus, we propose that GO treatment causes a
profound effect on cellular metabolism, resulting in the
activation of the anti-inflammatory transcription factor
NRF2, which both upregulates anti-inflammatory genes and
downregulates IκBζ−NF-κB-regulated pro-inflammatory
genes, including Il1b and Il6.

DISCUSSION
GO sheets have shown promise in various biomedical
applications, including tissue engineering and drug delivery;
however, their interactions with the innate immune system,
and specifically inflammasomes, remain poorly defined.3,6 This
study aimed to determine the effects of s-GO on inflamma-
some responses in macrophage cells. To the best of our
knowledge, no previous studies have assessed the impact of s-
GO pretreatment on inflammasome priming after subsequent
TLR4 stimulation. Importantly, we report that, in the absence
of LPS, s-GO applied alone up to a concentration of 25 μg
mL−1 for 24 hours was neither toxic nor pro-inflammatory and
did not activate the inflammasome. However, we report
marked inhibition of NLRP3-dependent IL-1β release
following s-GO pretreatment due to a reduction in the levels
of pro-IL-1β. These findings were independent of effects on
NLRP3 expression and inflammasome activation, as ASC
speck formation and caspase-1 activation were unaffected.
Instead, we provide evidence for the selective inhibition of
interleukin gene expression by s-GO, revealing dissociation in
the mechanisms regulating genes downstream of TLR4
signaling. This effect is very likely due to the effects of s-GO
on cellular metabolism and the activation of the anti-
inflammatory transcription factor NRF2, which is known to
inhibit IL-1β and IL-6 expression (but not TNF-α).42−44

These data show that s-GO can be used as a tool to dissect and
highlight inflammatory mechanisms, and that treating cells
with s-GO has profound and complex responses. The anti-
inflammatory effects of GO may have important implications
for clinical applications, although further research is required.
These findings are supported by Chen et al., who also suggest
an anti-inflammatory effect of GO in microglial cells.45

Furthermore, GO is reported to profoundly affect the
physiology of astrocytes in culture.46

Several studies have demonstrated that s-GO is readily taken
up by macrophages.47−49 Previous studies have also inves-
tigated the potential inflammatory effects of GO in macro-
phages. Ma et al. showed that l-GO elicited stronger NF-κB
activation and pro-inflammatory cytokine expression than s-
GO both in vitro and in vivo.47 However, the lateral size of GO
may exert contrasting effects on pro-inflammatory cytokine
expression in human immune cells, as s-GO induces stronger
expression of cytokines in human peripheral blood mono-
nuclear cells than l-GO.50 However, in this study, we find that
the effects of us-GO, s-GO, and l-GO are comparable with
respect to IL-1β and IL-6 production (Figure S2). Higher
concentrations of GO also appear to induce NF-κB signaling
via TLR4 in RAW264.7 cells and can induce IL-1β release
from LPS-primed THP-1 macrophages.51,52 A recent study by
Mukherjee et al., in contrast to our findings, demonstrated that
50 μg mL−1 of s-GO, which is double that of the highest dose
used in this study, was able to induce IL-1β release from
human monocyte-derived macrophages and THP-1 cells that
had already been primed with LPS, and that this was abolished

in NLRP3-deficient cells.53 The differences between these
studies, in terms of the dose of s-GO used as well as the timing
of treatment relative to LPS priming, may be sufficient to
explain these contrasting results. Our findings add further
evidence to the notion that GO is able to influence the
inflammatory response of macrophage cells, in this case by GO
pretreatment blocking the LPS-induced expression of inflam-
matory genes through a shift in immunometabolism.
Key considerations must be taken into account when

evaluating studies investigating the inflammatory effects of
GO. Having serum in the culture medium improves the
dispersion of GO due to adsorption of serum proteins, limiting
GO aggregation.41 Particulates such as silica and monosodium
urate crystals are well characterized as NLRP3 inflammasome
activators.29,54,55 Thus, in the absence of serum, the altered
physicochemical properties of GO may modify the resulting
inflammatory response. Hence, serum was maintained in the
culture medium throughout this study. Recent evidence also
indicates that endotoxin contamination of GO solutions can
alter the response of cells to GO, as well as inducing pro-
inflammatory effects alone.37 Therefore, endotoxin contami-
nation must be considered as a potential confounding factor
when assessing the pro-inflammatory effects of GO. Although
not directly relevant to this study, we nonetheless found no
evidence of endotoxin contamination in our s-GO, prior to
direct stimulation of the cells with LPS itself.
Further work is required to fully characterize the effects of

GO on macrophages and microglia. It is becoming increasingly
apparent that GO exerts a multitude of biological effects,56 and
we report here a profound effect on gene expression profile
with a major impact on metabolism. These effects of s-GO are
likely due to an activation of NRF2 caused by the metabolic
reprogramming of the cell, rather than a direct effect on the
TLR4−NF-κB pathway. NRF2 then exerts its anti-inflamma-
tory effects through the downregulation of genes such as Il1b
and Il6.

CONCLUSIONS

GO holds promise for use in biological applications. To
facilitate this, a greater understanding of how GO interacts
with macrophage cells is required. We have shown that GO
alone has no overt pro-inflammatory effect on macrophage
cells. In fact, we found an inhibitory effect of GO on cytokine
production in macrophages, specifically by inhibiting inter-
leukin expression upon TLR4 stimulation, without inhibiting
subsequent activation of the inflammasome. We propose that
this inhibitory effect is due to an activation of NRF2 caused by
the metabolic reprogramming of the cell in response to GO.
These data provide insights into the effects of GO and
highlight GO as a potential tool to elucidate a better
mechanistic understanding of underlying inflammatory path-
ways.

METHODS
Synthesis and Characterization of GO Sheets. We used

graphite flakes (Graflake 9580, Nacional Grafite Ltd., Brazil) to
produce GO. We used the modified Hummers method described
previously to synthesize GO sheets.57,58 Synthesis and full
physicochemical characterization of the thin GO sheets with distinct
lateral dimensions used in this study (i.e., l-, s-, and us-GO) has
already been reported.36

A multimode AFM was used to characterize the GO. It was used on
the tapping mode with a J-type scanner, a Nanoscope V8 controller
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(Veeco, Cambridge, UK), and an OTESPA silicon probe (Bruker,
UK). Twenty microliters of 100 μL mL−1 of GO was deposited on a
freshly cleaved mica surface (Agar Scientific, Essex, UK) coated with
0.01% poly-L-lysine (Sigma-Aldrich, UK) and was allowed to adsorb
for 5 min before images were taken in air.
Cell Culture. Immortalized Bone-Marrow-Derived Macro-

phages. iBMDMs were a gift from Professor Clare Bryant
(Department of Veterinary Medicine, University of Cambridge).
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS (Life Technologies), 100 U mL−1 of penicillin,
and 100 μg mL−1 of streptomycin (PenStrep). Cells were seeded at
7.5 × 105 cells mL−1, incubated overnight at 37 °C, 90% humidity,
and 5% CO2 in 24-well plates, and treated the following day.
Primary Murine Mixed Glia.Murine mixed glia cells were prepared

from the brains of 2−4-day-old C57BL/6 mice. Briefly, the cerebral
hemispheres were dissected and the meninges were then removed.
The remaining tissue was homogenized in DMEM containing 10%
FBS and PenStrep via repeated trituration. The resulting homogenate
was centrifuged at 800g for 10 min, and the pellet was resuspended in
fresh culture medium before being incubated in a flask at 37 °C, 90%
humidity, and 5% CO2. After 5 days, the cells were washed, and fresh
medium was placed on the cells. The medium was replaced every 2
days. On day 12, the cells were seeded at 2 × 105 cells mL−1 in 24-well
plates and incubated for a further 2 days prior to use.
Assays. Cells were either untreated or treated with vehicle (culture

medium containing 1% H2O) or GO (1, 5, 10, or 25 μg mL−1) in
culture medium containing 10% FBS for 22 h (iBMDMs) or 21 h
(mixed glia), and LPS (1 μg mL−1) was then added to the well for a
further 2 h (iBMDMs) or 3 h (mixed glia). Inflammasome activation
was induced by adding ATP (5 mM, Sigma) or nigericin (10 μM,
Sigma) to the well for 1 h, and the supernatants were analyzed for IL-
1β, IL-6, and TNF-α content. iBMDMs were also treated with red
fluorescent carboxylate 100 nm diameter beads (5, 25, 50, or 200 μg
mL−1, 22 h; FluoSpheres carboxylate-modified microspheres,
Invitrogen) prior to LPS and nigericin stimulation. Lysates of cells
that did not receive ATP or nigericin stimulation were assessed for
pro-IL-1β and NLRP3 expression. Cells that received inflammasome
activation were probed for caspase-1 activation by western blotting.
To investigate glucose-dependent functions of s-GO, iBMDMs were
treated with vehicle or s-GO (10 μg mL−1, 22 h) in PBS containing
10% FBS and 2 mM CaCl2. LPS (1 μg mL−1) was then added to the
well for a further 2 h. The supernatant was analyzed for IL-6 content.
Western Blotting. Cells were lysed with lysis buffer (50 mM

Tris/HCl, 150 mM NaCl, Triton 1% v/v, pH 7.3) containing protease
inhibitor cocktail (Calbiochem), centrifuged at 12 000g (15 min) at 4
°C and analyzed for IL-1β, NLRP3, and caspase-1. Samples were run
on sodium dodecyl sulfate−polyacrylamide gels and transferred at 25
V onto nitrocellulose or polyvinylidene fluoride membranes using a
Trans-Blot Turbo transfer system (Bio-Rad). Membranes were
blocked in either 5% w/v milk or 5% bovine serum albumin (BSA)
in PBS, 0.1% Tween 20 (PBST) for 1 h at room temperature. The
membranes were then washed with PBST and incubated at 4 °C
overnight with goat anti-mouse IL-1β (250 ng mL−1; R&D Systems),
mouse anti-mouse NLRP3 (1 μg mL−1; Adipogen), or rabbit anti-
mouse caspase-1 (1.87 μg mL−1; Abcam) primary antibodies in 0.1%
(IL-1β) or 1% (NLRP3) BSA or 5% milk (caspase-1) in PBST.
Membranes were washed and incubated with rabbit anti-goat (500 ng
mL−1, 5% milk in PBST; Dako), rabbit anti-mouse (1.3 μg mL−1, 1%
BSA PBST; Dako), or goat anti-rabbit IgG (250 ng mL−1, 5% milk in
PBST; Dako) at room temperature for 1 h. Proteins were then
visualized with Amersham ECL Western blotting detection reagent
(GE Life Sciences) and G:BOX (Syngene) and Genesys software. β-
Actin was used as a loading control. Densitometry was performed
using ImageJ software.
Cell Death Assay. Cell death was assessed by measuring lactate

dehydrogenase release using a CytoTox 96 nonradioactive cytotox-
icity assay (Promega) according to the manufacturer’s instructions. All
supernatants were centrifuged at 12 000g (10 min) at 4 °C prior to
analysis in order to remove GO from the supernatant, minimizing any
potential effect on absorbance measurements.

ELISA. The levels of the cytokines IL-1β, IL-6, and TNF-α in the
supernatant were analyzed by enzyme-linked immunosorbent assay
(ELISA; DuoSet, R&D systems) according to the manufacturer’s
instructions. All supernatants were centrifuged at 12 000g (10 min) at
4 °C prior to analysis in order to remove GO from the supernatant.

ASC Speck Imaging. iBMDMs stably expressing ASC−
mCherry39 were used to perform live imaging of ASC speck
formation. Cells were seeded at 7.5 × 105 cells mL−1 in 96-well
plates and incubated overnight. The following day, cells were treated
with s-GO (10 μg mL−1, 22 h) or vehicle in FluoroBrite DMEM
(Thermo) containing 10% FBS and PenStrep, and LPS (1 μg mL−1, 2
h) was then added to the wells to induce priming. All cells were then
preincubated with the pan-caspase inhibitor Z-VAD-FMK (50 μM, 15
min; Sigma) to prevent pyroptotic cell death, prior to the addition of
nigericin. During this preincubation, some cells were simultaneously
treated with MCC950 (10 μM, 15 min; Sigma), a selective inhibitor
of NLRP3 inflammasome activation and speck formation,40 and a
baseline image was acquired on an IncuCyte ZOOM live cell analysis
system (Essen Bioscience) at 37 °C using a 20×/0.61 S Plan Fluor
objective. Nigericin (10 μM) was then added to activate the NLRP3
inflammasome, and images were acquired every 15 min for a further
2.75 h. Speck number was quantified using IncuCyte ZOOM software
and was assessed for each treatment at the final time point of 2.75 h.

RT-qPCR. s-GO was applied to iBMDMs (10 μg mL−1, 22 h) and
mixed glia (25 μg mL−1, 21 h) before the addition of LPS (1 μg mL−1,
2 or 3 h). RNA was extracted using a PureLink RNA mini kit
(Invitrogen). Reverse transcription was performed from 1 μg of total
RNA with M-MLV reverse transcriptase (Invitrogen). qPCR was
performed using iQ SYBR Green Supermix (Bio-Rad) containing 200
nM of each primer. The primers designed for each gene are in Table
S1. Assays were run using a 7900HT fast real-time PCR system
(Applied Biosystems), with the following cycle conditions: 50 °C (2
min); 95 °C (10 min); 40 cycles of 95 °C (15 s) and 60 °C (1 min).
Hydroxymethylbilane synthase (Hmbs) was used as the housekeeping
gene. The levels of expression of each gene of interest were computed
as follows: relative mRNA expression = (E − (Ct of gene of
interest))/(E − (Ct of housekeeping gene)), where Ct is the threshold
cycle value and E is efficiency.

RNA-Seq. iBMDMs were treated with vehicle or s-GO (10 μg
mL−1, 22 h) prior to priming with LPS (1 μg mL−1, 2 h). RNA was
extracted using a PureLink RNA mini kit (Invitrogen). RNA-Seq
analysis was performed. RNA samples were assessed for quality and
integrity using a 2200 TapeStation (Agilent Technologies) according
to the manufacturer’s instructions. RNA-Seq libraries were generated
using the TruSeq Stranded mRNA assay (Illumina, Inc.) according to
the manufacturer’s instructions. Briefly, poly-T, oligo-attached,
magnetic beads were used to extract polyadenylated mRNA from 1
μg of total RNA. The mRNA was then fragmented using divalent
cations under high temperature and then transcribed into first strand
cDNA using random primers. Second strand cDNA was then
synthesized using DNA polymerase I and RNase H, and a single
“A” base addition was performed. Adapters were then ligated to the
cDNA fragments and then purified and enriched by PCR to create the
final cDNA library. Adapter indices were used to multiplex libraries,
which were pooled prior to cluster generation using a cBot
instrument. The loaded flow cell was then pair-end sequenced (101
+ 101 cycles, plus indices) on an Illumina HiSeq4000 instrument.
Demultiplexing of the output data (allowing one mismatch) and BCL-
to-Fastq conversion was performed with CASAVA 1.8.3. Sequencing
quality for each sample was determined using the FastQC program.
Low-quality sequence data were removed utilizing the trimmomatic
program. STAR v2.4.0 was utilized to map the trimmed sequence into
the murine genome (mm10 genome with gencode M16 annotation).
Raw counts for each sample were generated by the htseq-count
program and subsequently normalized relative to respective library
sizes using DESeq2 package for the R statistical program.59,60 The
DESeq2 program was additionally used to plot the PCA with all
sample data to visualize different clusters at multiple levels that
describes the maximum variance within the data set. Genes of interest
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were identified by pairwise comparisons. False discovery rate (FDR)
adjusted p values were used to evaluate significance.
Functional and Pathway Enrichment Analysis. Genes with an

FDR-corrected p value of less than 0.01 were analyzed for
transcriptional regulation, cell pathway, and cell localization enrich-
ment utilizing the Enrichr gene set enrichment analysis web
server.61,62 Significant features (p < 0.05) were then further
investigated for consistency in response direction to identify the key
mechanism involved in the s-GO response. From this, the
transcription factor NRF2 (p = 1.2 × 10−15), cell pathways of glucose
entry into the TCA cycle (p = 0.0002) and glycolysis (p = 0.0037),
and the mitochondrial inner membrane cell compartment (p = 5.8 ×
10−26) were identified. Gene lists found to be enriched in these
features were then used to generate heat maps to visualize the effects
of s-GO.
Confocal Microscopy. iBMDMs were plated out at 3.75 × 105

cells mL−1 overnight in a Cellview cell culture dish (627870; Greiner
Bio-One Ltd.). The following day, cells were treated with vehicle, s-
GO (25 μg mL−1), or red fluorescent (580/605 nm) carboxyl-
functionalized 100 nm diameter beads (5, 25, 50, or 200 μg mL−1, 22
h; FluoSpheres carboxylate-modified microspheres, Invitrogen). Cell
membranes were then stained with CellMask Green plasma
membrane stain (C37608, dilution 1:2500, 488/520 nm; Thermo
Scientific), whereas s-GO exhibited autofluorescence (594/620−690
nm). Cells were viewed using a Zeiss 780 multiphoton confocal laser
scanning microscope with a 40× objective. Images were subsequently
processed using ZEN, the Zeiss microscope software.
Data Analysis. Data are presented as the mean ± standard error

of the mean (SEM). Data were analyzed using two-tailed unpaired t
tests, unmatched and repeated measures one-way analysis of variance
(ANOVA) with Sidak’s posthoc test, or unmatched and repeated
measures two-way ANOVA with Dunnett’s posthoc test using
GraphPad Prism (v7). RNA-Seq data were analyzed as above using
DESeq259 on R version 3.5.1.60 Transformations or corrections were
applied as necessary to obtain equal variance between groups prior to
analysis. Statistical significance was accepted at *P < 0.05, **P < 0.01,
and ***P < 0.001.
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Planillo, R.; Inserra, M. C.; Vetter, I.; Dungan, L. S.; Monks, B. G.;
Stutz, A.; Croker, D. E.; Butler, M. S.; Haneklaus, M.; Sutton, C. E.;
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