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ABSTRACT We investigated the effect of large (40 nm) graphene quantum dots (GQDs)
in concanavalin A (Con A; 12 mg/kg i.v.)-induced mouse hepatitis, a T cell-mediated liver

graphene

Con A quantum dots

l
z

injury resembling fulminant hepatitis in humans. Intravenously injected GQDs (50 mg/kg)

accumulated in liver and reduced Con A-mediated liver damage, as demonstrated by
histopathological analysis and a decrease in liver lipid peroxidation and serum levels of liver

ﬁi't'ric
oxide

macrophage

transaminases. The cleavage of apoptotic markers caspase-3/PARP and mRNA levels of
proapoptotic mediators Puma, Noxa, Bax, Bak1, Bim, Apaf1, and p21, as well as LC3-I
conversion to autophagosome-associated LC3-Il and expression of autophagy-related (Atg)
genes Atg4h, Atg7, Atg12, and beclin-1, were attenuated by GQDs, indicating a decrease in
both apoptosis and autophagy in the liver tissue. This was associated with the reduced liver infiltration of inmune cells, particularly the T cells producing
proinflammatory cytokine IFN-y, and a decrease in IFN-y serum levels. In the spleen of GQD-exposed mice, mRNA expression of IFN- and its transcription
factor T-bet was reduced, while that of the IL-33 ligand ST2 was increased. The hepatoprotective effect of GQDs was less pronounced in ST2-deficient mice,
indicating that it might depend on ST2 upregulation. /n vitro, GQDs inhibited splenocyte IFN-y production, reduced the activation of extracellular signal-
regulated kinase in macrophage and T cell lines, inhibited macrophage production of the free radical nitric oxide, and reduced its cytotoxicity toward
hepatocyte cell line HepG2. Therefore, GQDs alleviate immune-mediated fulminant hepatitis by interfering with T cell and macrophage activation and
possibly by exerting a direct hepatoprotective effect.
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raphene, the most recently discov-
G ered carbon allotrope consisting of a

single layer of carbon atoms in a
honeycomb structure, has gained consider-
able attention in nanomedicine as a poten-
tial diagnostic and therapeutic tool.' 3
Graphene quantum dots (GQDs) are gra-
phene sheets with lateral dimensions less
than 100 nm containing one or more (2—10)
graphene layers.*> Although most of the
top-down methods yield GQDs with sub-
10 nm diameter, larger GQDs of up to 60 nm
diameter have also been synthesized by using
various top-down or bottom-up approaches.>®
While sharing the graphene's ultrahigh surface
area for bioconjugation, GQDs additionally
possess the edge defects that endow them
with tunable, size/wavelength-dependent
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luminescence potentially useful in bio-
imaging.>® Due to a different electronic
structure compared to parental semimetal
graphene, semiconductor GQDs display
some unique physicochemical properties
and, because of their superior chemical
inertness and biocompatibility, represent
low-toxicity alternatives of conventional
QD:s (e.g., CdSe). In addition to their excellent
photoluminescent properties, GQDs can
act both as electron donors and electron
acceptors,” which indicates their prooxidant
as well as antioxidant potential. Accordingly,
laser ablation-generated, poly(ethylene glycol)-
passivated GQDs produce reactive oxygen
species (ROS) upon irradiation with blue light,
while in the absence of photoexcitation they
display a potent ROS-quenching ability.2
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ROS production regulates the function and activity
of immune cells.® ROS generation in activated T cells is
required for optimal induction of transcription factors
NFAT and NF-«B and subsequent cytokine produc-
tion and clonal expansion of T cells.'®'" Excessive
ROS release by macrophages can cause DNA damage
in neighboring cells, resulting in inflammatory damage
of various tissues, including liver.'>~' It is therefore
plausible to assume that ROS modulation by GQDs
might interfere with the T cell and macrophage func-
tion during inflammation and autoimmunity. However,
while other carbon allotropes (fullerenes and nano-
tubes), and recently graphene, have displayed some
immunomodulatory properties in different experimen-
tal systems,>~2* the effects of GQDs on either normal
or pathologic immune responses have not been ex-
plored so far. We here for the first time report the
immunomodulatory and cytoprotective effects of
GQDs in a mouse model of immune-mediated liver
damage.

RESULTS AND DISCUSSION

To assess the therapeutic effect of GQDs in hepatitis,
we decided to use large GQDs, as nanoparticles with
diameter >10 nm are more likely to accumulate in the
liver after intravenous injection®® either via transvas-
cular flow across the open sinusoidal fenestrae or upon
transvascular release following phagocytosis by reti-
culoendothelial cells and hepatic Kupffer macro-
phages.?® Furthermore, the use of large nanoparticles
is preferable in treatment of inflamed tissues, which
generally present with leaky blood vessels that, as
opposed to the vasculature in healthy tissues, allow
for the selective extravasation of nanomaterials
with sizes of up to 400 nm.%” Accordingly, GQDs with
diameter ~5 nm accumulated less and/or equally in
liver compared to kidneys,?®2° while those larger than
10 nm accumulated markedly more in liver than in
kidneys.>® Moreover, a direct comparative study of
GQDs with diameters of 5, 7, 12, and 21 nm revealed
a positive correlation between their size and the
accumulation in liver tissue3' Therefore, as in our
previous studies,**** we used electrochemical oxida-
tion of graphite to produce GQDs of approximately
40 nm average length (20—67 nm) and 3 nm average
height, corresponding to three graphene layers, as re-
vealed by atomic force microscopy (AFM) (Figure 1A,
upper panel). The high-resolution transmission elec-
tron microscopy (TEM) showing the edge structure of
GQDs (Figure 1A, lower panel) indicates their high
crystallinity, with a lattice parameter of 0.263 nm. From
the photoluminescence spectra presented in Figure 1B
it could be seen that GQDs emit bright blue lumines-
cence upon excitation at 328 nm, displaying a strong
peak at 504 nm with a Stokes shift of 176 nm. Similar to
most luminescent carbon nanoparticles, GQDs exhibit
an excitation-dependent photoluminescence behavior.>*
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Accordingly, when the excitation wavelength is changed
from 328 nm to 375, 417, or 469 nm, the photolumines-
cence peak shifts to longer wavelengths (496, 494, or
549 nm, respectively), and its intensity decreases rapidly
(Figure 1B). The Raman spectroscopy analysis demon-
strated two prominent bands, the D band at 1350 cm ™"
and the G band at 1594 cm ™! (Figure 1Q), corresponding
to the in-plane A1g zone-edge mode and E2g mode,
respectively.> We have employed this feature to trace
GQDs in different tissues upon intravenous injection to
mice. While no Raman peaks could be observed in the
control sample of mouse liver, the liver tissue from
GQD-injected mice readily displayed GQD-specific D
and G bands, although they were slightly down-shifted
(9 and 11 cm™', respectively) (Figure 1D). However,
these bands were not present in the Raman spectra of
brain, spleen, lung or kidney tissues of GQD-treated
mice (Supporting Information, Figure S1). In addition to
confirming that the synthesized carbon nanoparticles
display specific characteristics of GQDs, our data de-
monstrate their accumulation in liver upon intrave-
nous administration. This is consistent with the pre-
vious studies that reported accumulation of carboxy-
lated and polydopamine-coated GQDs in the liver.?®~*°
It should be noted that for biodistribution studies, in
order to increase GQD-specific Raman signals over the
tissue background signal, we used 2-fold higher dose
of GQDs (100 mg/kg) than for the assessment of their
hepatoprotective effect (50 mg/kg).

The effect of GQDs was tested in mouse hepatitis
induced by intravenous injection of lectin Concanava-
lin A (Con A), which causes acute inflammatory liver
injury resembling fulminant hepatitis in humans and
involving both T cells and natural killer (NK)T cells. 3638
A single intravenous administration of GQDs (50 mg/kg)
significantly reduced Con A-induced liver damage, as
confirmed by a decrease in serum levels of hepatic
enzymes alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) (Figure 2A). Accordingly, histo-
pathological analysis demonstrated that the liver tis-
sue loss and inflammatory cell infiltration in Con
A-treated mice were markedly reduced by GQD treat-
ment (Figure 2B). The decrease in the levels of mal-
ondialdehyde (Figure 2C), an indicator of lipid
peroxidation,® suggests that the hepatoprotective
effect of GQDs was associated with the suppression
of oxidative stress. As both apoptosis (programmed
cell death type I) and autophagy (programmed cell
death type I1)*° are responsible for Con A-induced liver
injury,*'~*® we examined the influence of GQDs on the
principal markers of these two cell death modes and
the expression of major apoptosis/autophagy-regulating
genes in Con A hepatitis. The immunoblot-detected
activation of the key apoptosis-executing enzyme
caspase-3 and subsequent cleavage of the DNA-repairing
protein poly(ADP ribose) polymerase (PARP)* in Con
A-injected mice were significantly downregulated by
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Figure 1. GQD characterization and liver accumulation. (A) Top view AFM images (upper panel) as well as low-resolution
(lower left) and high-resolution (lower right) TEM images of GQDs are shown. (B) Photoluminescence spectra of GQDs at

different excitation wavelengths. (C) Raman spectra of GQDs with the characteristic D and G bands at 1350 and 1594 cm™ ',

1

respectively. (D) Raman spectra of mouse liver tissue collected 2 h after a single intravenous injection of saline (black line) or

100 mg/kg GQD (red line).

GQDs (Figure 2D). The induction of autophagy by
Con A, demonstrated by the conversion of microtubule-
associated protein 1 light-chain 3 (LC3)-| to autophagosome-
associated LC3-1I,*® was markedly attenuated by GQDs
(Figure 2D). Accordingly, a real-time RT-PCR analysis of
liver tissue from Con A-exposed mice revealed that
GQDs significantly reduced the expression of mRNA
encoding proapoptotic mediators p21, Puma, Noxa,
Bax, Bak1, Bim, and Apaf1 (Figure 2E). The expression of
other proapoptotic (p27, Pten, Bad, p53) as well as
antiapoptotic genes (Bcl-2, Bcl-xL, survivin, XIAP) was
not significantly affected by GQDs (Figure 2E). The
expression of autophagy-related (Atg) genes Atg4b,
Atg7, Atg12, and beclin-1, which are all required for
optimal induction of autophagy,*® was also lower in
Con A-treated mice that received GQDs. The differ-
ence in Atg5 and Gabarap levels did not reach statis-
tical significance (Figure 2F). These data indicate that
GQDs could alleviate Con A hepatitis through sup-
pression of both apoptotic and autophagic hepato-
cyte demise.
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The liver damage in Con A hepatitis is initiated by the
infiltration of activated immune cells, so we next used
flow cytometry to examine the effect of GQD admin-
istration on the hepatic influx of inflammatory cells.
In accordance with the histological analysis showing
smaller inflammatory infiltrates upon GQD treatment
(Figure 2B), significantly lower numbers of CD3* (both
CD4" and CD8™) T cells (Figure 3A), NK1.1" NK cells,
CD11ct dendritic cells (Figure 3B), F480" macro-
phages, and CD19" B cells (Figure 3C) were recovered
from the liver tissue of GQD-injected animals with Con
A hepatitis. CD4" T cells producing proinflammatory
cytokines interferon (IFN)-y and tumor necrosis factor
(TNF), as well as interleukin (IL)-4-producing NKT cells
seem to be the main culprits responsible for Con
A-mediated liver inflammation and injury.”***> Ac-
cordingly, we found significantly lower numbers of
CD4FIFN-y™ and CD8IFN-y™* cells in the liver of Con
A + GQD-treated mice compared to those treated with
Con A alone (Figure 3D). While we observed a tendency
of GQD to reduce the liver infiltration of CD4" T cells
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Figure 2. GQDs suppress Con A hepatotoxicity by reducing oxidative stress, apoptosis, and autophagy. (A—F) Single intravenous
injection of GQDs (50 mg/kg) significantly reduces Con A-induced increase in serum levels of liver transaminases (A), liver tissue
loss and inflammatory infiltration (B), lipid peroxidation (MDA, malondialdehyde) (C), as well as the expression of proapoptotic
and autophagy-related proteins (D) and genes (E, F), measured 24 h (A—C) or 8 h (D—F) after the induction of hepatitis. The results
of one of two experiments with similar results are presented as mean & SEM values (n = 8 mice per group; p* < 0.05 compared to
untreated control; p* < 0.05 compared to Con A alone). Representative immunoblots are presented in (D).

producing IL-4 or IL-10 (Supporting Information,
Figure 2A) and NKT (CD3"NK1.1") cells producing
IFN-y, IL-4, TNF, or IL-10 (Supporting Information,
Figure 2B), these differences did not reach statistical
significance. In addition, the numbers of TNF-producing
CD4" T cells and CD4™ T regulatory cells (CD25 Foxp3™)
did not differ between the two experimental groups
(Supporting Information, Figure 2A). The reduction

VOLAREVIC ET AL.

in numbers of infiltrating T cells producing IFN-y
(Figure 3D) was associated with a decrease in serum
concentrations of this cytokine, but not TNF, IL-4, or
IL-10 (Figure 3E). Accordingly, the expression of mRNA
for IFN-y and transcription factor T-bet, required
for differentiation of IFN-y-producing T helper (Th)1
cells,*®*” was lower in the spleen of GQD-treated
animals (Figure 3F). The expression of mMRNA encoding
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Figure 3. GQDs reduce liver inflammatory infiltration and reduce IFN-y expression. (A—F) In Con A hepatitis, GQD
administration (50 mg/kg) reduces the liver numbers of CD3" (both CD4" and CD8™) T cells (A), NK1.1% NK cells and CD11c*
dendritic cells (B), F480" macrophages and CD19" B cells (Figure 3C), as well as IFN-y-producing CD4" and CD8" cells
(Figure 3D). Serum levels of IFN-y (E) and splenocyte expression of IFN-y mRNA (F) are also reduced by GQD treatment. The
liver tissue (A—E) and serum (F) were collected 8 h after Con A injection. The results of one of two experiments with similar
results are presented as mean £+ SEM values (n = 8 mice per group; p# < 0.05 compared to untreated control; p* < 0.05
compared to Con A alone). (G, H) GQD injection (50 mg/kg) attenuates Con A-induced liver damage (measured by liver
transaminase increase after 24 h) both in WT and ST2 '~ mice (G), but the protective effect is less pronounced in ST2-deficient
animals (H). The results of one of two experiments with similar results are presented as mean + SEM values (n = 8 mice per
group; p* < 0.05 compared to WT Con A; p* < 0.05 compared to corresponding Con A treatment).

other proinflammatory cytokines (TNF, IL-6, IL-12,1L-17,
IL-23), anti-inflammatory cytokines (IL-10, TGF-£), and
T cell transcription factors (RORyT, Foxp3) was not
significantly changed (Figure 3F). It has recently been
reported that intravenous application of graphene
nanosheets induces Th2 inflammatory response through
activation of IL-33/ST2 axis.>* In agreement with this
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finding, GQD administration increased the expression
of ST2 mRNA in the spleen, although the mRNA level
of the ST2 ligand IL-33 was not significantly altered
(Figure 3F). ST2 deficiency results in upregulation of
IFN-y production and more severe liver damage after
Con A administration,*® as confirmed in the present
study by the increase in liver transaminases (Figure 3G).
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Figure 4. GQDs inhibit macrophage/T cell activation and NO cytotoxicity in vitro. (A) GQDs (100 xg/mL) inhibit IFN-y, but not
IL-4 production, in mouse splenocytes stimulated with Con A (5 xg/mL) for 24 h. (B) GQDs (100 x«g/mL) modulate MAPK
activity in PMA (50 nM) + ionomycin (500 nM)-activated Jurkat T cells (10 min) and IFN-y (50 ng/mL) + LPS (5 xg/mL)-activated
J774 macrophages (30 min). (C) GQDs (100 «g/mL) inhibit NO production in J774 macrophages stimulated with IFN-y + LPS
for 24 h. (D) GQDs (100 1g/mL) do not affect 24 h NO release by NO-donor GSNO (1 mM). (E) GQDs (100 ug/mL) increase the cell
numbers (crystal violet assay), improve mitochondrial dehydrogenase activity (MTT test) and reduce cell membrane damage
(LDH release assay) in HepG2 cells exposed to GSNO (1 mM) for 24 h. The results are presented as (A) mean + SEM values from
one of two experiments with similar results (n = 8 mice per group; *p < 0.05), (B) representative flow cytometry histograms
from three independent experiments, or (C—E) mean + SEM values of triplicates from a representative of three independent
experiments (p* < 0.05 and p* < 0.05 compared to control cells without and with GSNO, respectively).

While GQDs reduced the serum AST/ALT levels both in
wild-type (WT) mice and those lacking the ST2 gene
(Figure 3G), the decrease in ALT was significantly less
pronounced in ST2-deficient (ST2 /") animals (Figure 3H),
and a similar tendency (p = 0.125) was observed with ALT
(Figure 3H). These data indicate that ST2 upregulation
could be partly involved in the hepatoprotective action of
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GQDs, which is consistent with the role of ST2 signaling
in the inhibition of Th1 response-associated inflamma-
tion and macrophage activation.***° It should be
noted, however, that the observed effects of GQDs
on splenocytes seem to contradict the finding that no
GQD-specific Raman signal was recorded in spleen
lysates (Supporting Information, Figure 1). It is possible
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that the accumulation of GQDs in the spleen was below
the detection threshold of Raman spectroscopy but
still sufficient to affect the immune response. This
seems conceivable if, for example, the observed im-
munomodulatory effects were mediated by GQD-
loaded blood immune cells (e.g., monocytes, dendritic
cells) that have migrated to spleen. Our hypothesis is
consistent with the recent photoluminescence mea-
surements showing a higher accumulation of intrave-
nously injected GQDs in the mouse liver compared to
spleen. 2830

We next performed a set of in vitro experiments to
get some further insight into the cellular and molecular
mechanisms of GQD-mediated protection from inflam-
matory hepatitis. In accordance with the in vivo results,
spleen mononuclear cells stimulated with Con A se-
creted less IFN-y, but not IL-4, when exposed to GQDs
(Figure 4A). We also assessed if GQDs could directly
modulate the activation of T cells and macrophages by
measuring the phosphorylation status of mitogen-
activated protein kinases (MAPK), the enzyme family
involved in the intracellular signaling in immune cells>'>?
The flow cytometric analysis of activation in phorbol
myristate acetate (PMA) + ionomycin-stimulated
Jurkat T cell line revealed that GQDs reduced the

VOLAREVIC ET AL.

phosphorylation of extracellular signal regulated ki-
nase (ERK) and c-Jun N-terminal kinase (JNK) but in-
creased the phosphorylation of p38 MAPK (Figure 4B).
In the J774 macrophage cell line stimulated with IFN-y
and E. coli lipopolisaccharide (LPS), GQDs inhibited the
activation of ERK but not JNK or p38 MAPK (Figure 4B).
The activation of MAPK in either Jurkat or J774 cells
was not affected by GQDs alone (data not shown). The
production of the hepatotoxic free radical nitric oxide
(NO),>® which is apparently involved in Con A hepa-
titis,>* was suppressed by GQDs in IFN-y 4- LPS-activated
J774 macrophages (Figure 4C). The observed effect
was not due to the quenching of NO, as GQDs were
unable to affect the levels of nitrite, an end product of
NO, in the solution of NO donor S-nitrosoglutathione
(GSNO) (Figure 4D). Despite the lack of NO-quenching
ability, GQDs reduced the toxicity of GSNO toward
HepG2 human hepatocyte cell line, as indicated by a
significant increase in cell number (crystal violet assay)
and mitochondrial dehydrogenase activity (MTT assay),
as well as by a decrease in cell membrane damage
measured by lactate dehydrogenase (LDH) release
(Figure 4E). The observed effects were associated with
GQD uptake by Jurkat, J774, and HepG2 cells, as TEM
analysis confirmed their presence in the single-membrane
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Figure 6. Hepatoprotective effect and urine elimination of small GQDs. (A—C) Small GQDs (15 nm; 50 mg/kg i.v.) were
compared with large GQDs (40 nm; 50 mg/kg i.v.) and the conventional immunosuppresant dexamethasone (0.5 mg/kg i.v.)
for their ability to reduce serum transaminase (A) and IFN-y levels (B), as well as liver infiltration of IFN-y-producing CD4" and
CD8™ T cells (C). The results are presented as mean + SEM values (n = 8 mice per group; p* < 0.05 compared to Con A alone
p* < 0.05 compared to all other treatments). (D) EEM contour maps (after removing Rayleigh scattering) of GQDs (blue lines)
and the urine of mice treated with GQDs (red lines). The shaded region highlights the overlap of GQDs and urine emission.

cytoplasmic vesicles and, less frequently, in the cyto-
plasm (Figure 5). These data demonstrate that inter-
nalization of GQDs interferes with T cell/macrophage
MAPK signaling and NO production in macrophages
but also directly protects hepatocytes from NO-mediated
killing.

Large nanoparticles, such as 40 nm GQDs used here,
are mainly eliminated through the liver, either by
hepatocytes via the biliary system or by phagocytic
Kupfer cells.?®> Smaller nanoparticles, on the other
hand, are more likely to be excreted in urine, thus
enabling fast elimination from the body and prevent-
ing excessive accumulation in organs and tissues. Thus,
we wanted to explore if the reduction in GQD size
could increase their elimination through urine while
preserving their hepatoprotective effect. To that end,
we used hydrogen peroxide etching to prepare smaller
GQDs of 15 nm average length (5—30 nm) and 2 nm
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average height, corresponding to two graphene layers
(Supporting Information, Figure S3). The photolumi-
nescence and Raman spectra of small GQDs were
similar to those of the larger ones, and the GQDs
readily accumulated in the mouse liver after intrave-
nous injection (Supporting Information, Figure S3), but
were undetectable in spleen, lungs, brain or kidney
(Supporting Information, Figure S4). The protective
effect of small GQDs in Con A hepatitis, measured as
a reduction in AST/ALT serum levels, was somewhat
but not significantly more pronounced than that of
their larger counterparts, while both GQDs were sig-
nificantly less efficient than the well-known immuno-
suppressive agent dexamethasone (Figure 6A). The
immunomodaulatory effects (reduction in IFN- y serum
levels and liver infiltration of IFN-y -producing CD4"
and CD8* T cells) were comparable in all three treat-
ments (Figure 6B,C), indicating that the higher
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hepatoprotective efficiency of dexamethasone prob-
ably stems from its wider immunosuppresive spec-
trum. The hepatoprotective effect of small GQDs was
further supported by histopathological analysis, demon-
strating less severe tissue damage and reduced inflam-
matory infiltration in GQD-treated mice (Supporting
Information, Figure S5). In addition, the ability of small
GQDs to gain access to intracellular space was con-
firmed by TEM (Supporting Information, Figure S6).
The parallel factor analysis (PARAFAC) of excitation—
emission matrices (EEM) obtained by luminescence
measurements of urine samples demonstrated that
small GQDs were better eliminated through urine than
larger GQDs, reaching a markedly higher urine con-
centration (0.15 vs. 0.013 mg/mL) after intravenous
injection (Figure 6D). However, this amount corre-
sponded to less than 20% of the injected GQD dose,
indicating that the majority of small GQDs, consistent
with the observed hepatoprotection, still accumulated
in the liver. The inability of Raman spectroscopy to
detect any GQDs in the kidneys (Supporting Informa-
tion, Figure S4D) could be due to a high internal tissue
fluorescence and/or time kinetics of GQD biodistribu-
tion. Therefore, while large (40 nm) and small (15 nm)
GQDs are both similarly efficient and only slightly less
protective in the immune hepatitis than the commer-
cial immunosuppressive agent dexamethasone, smal-
ler GQDs might have the advantage of being better
eliminated through urine.

Finally, there is an issue of the toxicity possibly
associated with GQD treatment. Several recent reports
emphasized the high biocompatibility and the ab-
sence of toxic effects of GQDs applied at the concen-
trations up to 20 mg/kg.?®~3° While the dose in the
present study (50 mg/kg) was 2.5-fold higher, it should

EXPERIMENTAL METHODS

GQD Synthesis, Characterization, and Biodistribution. A stable sus-
pension of GQDs in normal saline (0.9% NaCl) was prepared
by electrochemical oxidation of graphite and characterized by
AFM, TEM, and photoluminescence spectroscopy as previously
described.3**3 To obtain smaller nanoparticles, 300 mg of GQDs
was sonicated in 30 mL of water, 20 mL of ammonia (25%), and
60 mL of hydrogen peroxide.>® The mixture was reacted at 50 °C
for 1 h under vigorous stirring. After rotary evaporation at 60 °C
to remove unreacted hydrogen, ammonia, and water, acetone
was used as a poor solvent to precipitate and wash the final
GQD product. The reaction yield was ~40%. For biodistribution
analysis, GQDs were injected intravenously to mice (100 mg/kg),
and liver, spleen, and brain were collected after 2 h and lysed in
10% TCA (1:10 w/v). GQDs and tissue lysates from control
(saline-injected) and GQD-injected animals were deposited on
glass, and the Raman spectra were obtained on a DXR Raman
microscope (Thermo Fisher Scientific, Waltham, MA) using a 532 nm
excitation line from a diode-pumped, solid-state laser (5 mW). The
Raman spectra were recorded with an 1800 lines/mm grating, using
50x objectives to focus the excitation laser light. The spot of the
laser beam was 0.7 um, the spectral resolution was 0.5 cm~', and
the acquisition time was 100 (10 x 10) s. Ten Raman spectra of each
sample were recorded at different areas of the sample.
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be noted that we used a single injection, as opposed to
arepeated administration (every other day for 14 days)
in the report by Chong et al.*® Moreover, a recent study
demonstrated that 50 mg/kg of dextran-coated
graphene oxide nanoparticles, as another form of
graphene, neither displayed any effects in terms of
mortality, histopathological findings, respiratory, or
cardiovascular safety parameters nor adversely af-
fected the immune system or induced an inflammatory
response.®? In our experiments, no increase in liver
transaminases was observed when GQDs were admi-
nistered alone (Figure 2A), indicating the absence of
hepatotoxicity. In addition, the liver and kidney tissue
architecture was preserved 24 h after GQD administra-
tion (Supporting Information, Figure S7), and no general
signs of acute toxicity (respiratory distress, impaired
body weight gain, anorexia, weakness, apathy, and
death) were observed during 1 week following GQD
injection. Nevertheless, more detailed studies on the
possible adverse side effects of GQDs are required.

CONCLUSION

Our data demonstrate that GQDs alleviate immune-
mediated fulminant hepatitis by reducing hepatic in-
flammation, oxidative stress, apoptosis, and autop-
hagy. The observed effects apparently involved both
immunomodulatory action exerted via the interfer-
ence with T cell and macrophage activation, as well
as direct hepatoprotective action due to liver accu-
mulation. Further research is warranted to elucidate in
more detail the mechanisms underlying the immu-
nomodulatory and hepatoprotective action of GQDs
as well as to explore their potential therapeutic use
in the immune-mediated organ damage in human
disease.

Luminescence Measurements of GQD Urine Concentration. Urine
samples were collected after 24 h from mice intravenously
injected with saline or GQDs (100 mg/kg). EEM were measured
on a PerkinElmer fluorescence spectrophotometer LS45 at
room temperature in the right angle geometry. EEM were
obtained by recording the emission spectra (from 330 to 680
at 0.5 nm intervals) corresponding to excitation wavelengths
ranging between 280 and 450 nm (with a 5 nm step) and
automatically normalized to the excitation intensity by the
instrument. Fluorescence data were analyzed by PARAFAC®%*7
using the Solo Version 6.5.4 software package (eigenvector
Research Inc, Wenatchee, WA). PARAFAC was calibrated
with EEM measurements on water solutions of GQDs of
0.01 to 0.50 mg/mL concentrations.

Con A Hepatitis and GQD Treatment. For the induction of Con A
hepatitis, we used 6—8 week old male WT and ST2~/~ BALB/c
mice,*® kindly provided by Professor F. Y. Liew (University of
Glasgow, UK), maintained in our animal facility. All experiments
were approved by the Animal Ethics Committee of Faculty of
Medicine (Kragujevac, Serbia) and performed according to the
criteria outlined in the “Guide for the Care and Use of Laboratory
Animals” (NIH publication 86-23, revised 1985). For the hepatitis
induction, mice were given a single intravenous injection of
Con A (Sigma-Aldrich, St. Louis, MO) at 12 mg/kg of body
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weight in 250 uL of saline. GQDs (50 mg/kg) were given in
500 uL saline 30 min before Con A, while control animals
received the appropriate amount of saline only. The livers
and spleens for the flow cytometry, immunoblot and RT-PCR
analysis, as well as sera for cytokine measurement, were col-
lected 8 h after Con A injection, while the liver tissue for
histological analysis was collected 24 h after Con A administra-
tion. Serum levels of AST and ALT were measured 24 h after
Con A administration using the automated biochemistry analyzer
Olympus AU 400 (Olympus Diagnostica GMBH, Hamburg,
Germany).

Histopathology and Lipid Peroxidation. The histopathological
analysis of liver tissue was performed as previously described.*®
The lipid peroxide content in liver tissue was determined by
thiobarbituric acid reaction as previously reported.”®

Flow Cytometry Analysis of Cell Populations and MAPK Signaling.
Splenocytes and liver-infiltrating mononuclear cells were iso-
lated, and flow cytometry analysis of cell populations was
performed as previously described.***° The phosphoryla-
tion of ERK, JNK, and p38 MAPK in human Jurkat T cell line
(ATCC TIB-152) and J774.1 mouse macrophage cell line (ATCC
TIB-67) was assessed by phospho-flow cytometry. Jurkat or J774
cells (10%/mL) were incubated for 1 h with GQDs (100 ug/mL)
in the flow cytometry tubes in a HEPES (20 mM)-buffered RPMI
1640 medium supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, and 1% of antibiotic/antimycotic
mixture (all from PAA, Pasching, Austria) (cell culture medium).
Jurkat cells were then stimulated for 10 min with PMA (50 nM) +
ionomycin (500 nM), while J774 cells were stimulated with IFN-y
(50 ng/mL) and E. coli LPS (5 ug/mL) (all from Sigma-Aldrich,
St. Louis, MO) for 30 min. Cells were then fixed with 2%
paraformaldehyde, incubated at 37 °C for 10 min, and washed
(400 g, 5 min, 4 °C) in ice-cold staining buffer (PBS, 1% FBS, 1 mM
EDTA). Cells were permeabilized by ice-cold methanol on ice for
30 min, washed two times in staining buffer, and incubated at
25 °C for 30 min with rabbit antibodies (Cell Signaling Technol-
ogy, Cambridge, MA) against phospho-ERK (Cat. No. 9101),
phospho-JNK (9251), phospho-p38 (9211) (all at 0.4 ug/mL final
concentration), or appropriate isotype control antibody. After
being washed in staining buffer, cells were incubated for 30 min
with secondary antirabbit IgG-AlexaFluor 488 antibody (0.4 «g/mL;
Cell Signaling Technology, Cambridge, MA), washed, and analyzed
on a FACSCalibur flow cytometer (BD Bioscience, Heidelberg,
Germany) using CellQuest software.

Real-Time RT-PCR Analysis of Apoptosis- and Autophagy-Related Genes.
Total RNA was extracted using TRIZOL and reverse transcribed
with M-MuLV reverse transcriptase and random hexamers (all
from Life Technologies, Carlsbad, CA). The real time RT-PCR
analysis was performed in a Realplex Mastercycler (Eppendorf,
Hamburg, Germany) using TagMan Master Mix and the follow-
ing TagMan primers and probes from Life Technologies
(Carlsbad, CA): Atg4b (catalog no. MmO00558047_m1),
Atg5 (MmO00504340_m1), Atg7 (MmO00512209_m1), Atg12
(MmO00503201_m1), y-aminobutyric acid receptor-associated pro-
tein (Gabarap; MmM00490678_m1), beclin-1 (Mm01265461_m1),
p21/Waf1 (Mm00432448_m1), p27/Kip1 (Mm00438168_m1), p53-
upregulated modulator of apoptosis (Puma; Mm00519268_m1),
Noxa (MmO00451763_m1), B-cell lymphoma 2 (Bcl-2;
MmO00477631_m1), Bcl-2-associated X protein (Bax;
MmO00432051_m1), Bcl-2-associated death promoter (Bad;
Mm00432042_m1), Bcl-2 homologous antagonist killer 1
(Bak1; Mm00432045_m1), B-cell lymphoma 2 interacting
mediator of cell death (Bim; Mm00437796_m1), p53
(MmO01731287_m1), phosphatase and tensin homologue
(Pten; MmO00477208_m1), apoptotic protease activating fac-
tor 1 (Apafl; Mm01223702_m1), Bcl-xL (Mm00437783_m1),
X-linked inhibitor of apoptosis protein (XIAP; Mm00776505_m1),
survivin (Mm00599749_m1), TNF (Mm0043258_m1), IL-6
(MmM00446190_m1), IFN-y (MmO01168134_m1), IL-17A
(Mm00439618_m1), IL-23 p19 (Mm01160011_g1), IL-12p35
(MmM00434165_m1), RORyt (Mm01261022_m1), T-bet
(MmM00450960_m1), IL-10 (MmO00439614_m1), TGF-§
(Mm01178820_m1), Foxp3 (MmO00475162_m1), IL-33
(Mm00505403_m1), ST2 (MmO00516117_m1), and 18s
RNA (Mm03928990_g1). The reaction conditions were as
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recommended by the manufacturer. The threshold cycle (Ct)
values of the housekeeping gene (18s RNA) were subtracted
from Ct values of target genes to obtain ACt. The relative gene
expression is presented as 27““" value normalized to the
treatment without GQDs.

Immunoblot Analysis of Apoptosis and Autophagy. Tissue samples
were homogenized in lysis buffer (30 mM Tris-HCl pH 8.0,
150 mM Nadl, 1% NP-40) containing 1 mM phenylmethylsulfonyl
fluoride, 1 mM Na vanadate, 10 mM NaF, and protease inhibitor
cocktail (all from Sigma-Aldrich, St. Louis, MO) on ice for 30 min
and centrifuged at 14000g for 15 min at 4 °C, and the super-
natants were collected. Equal amounts of protein from each
sample were separated by SDS-PAGE and transferred to nitro-
cellulose membranes (Bio-Rad, Hemel Hempstead, UK). Follow-
ing incubation with primary rabbit antibodies (Cell Signal-
ing Technology, Cambridge, MA) against caspase-3 (#9665),
PARP (#9532), LC3( (#2775) or actin (#4968), and per-
oxidase-conjugated goat antirabbit IgG (#7074) as a secondary
antibody, specific protein bands were visualized using en-
hanced chemiluminescence reagent (GE Healthcare, Pollards
Wood, UK).

Cytokine Measurement. The levels of IFN-y, TNF, IL-10, and IL-4
in mouse sera and 24 h supernatants of Con A (5 ug/mL)-
stimulated splenocytes (10%/well in 24-well plate) were mea-
sured using ELISA kits (R&D Systems, Minneapolis, MN) accord-
ing to the manufacturer's instructions.

NO Production. J774 cells (10%/well, 96-well plate) were in-
cubated overnight in cell culture medium. Afterward, cells were
incubated for 30 min with GQDs (100 ug/mL) and then stimu-
lated with IFN-y (50 ng/mL) and LPS (5 ug/mL) for 24 h.
Alternatively, GQDs (100 ug/mL) were incubated in cell culture
medium with NO donor GSNO. NO production was assessed
by measuring the concentration of nitrite as an end-product of
NO by Griess reaction, as previously described.*®

Cell Viability. Human hepatocarcinoma cells HepG2 (ATCC
HB-8065) were incubated overnight (2 x 10*/well, 96-well plate)
in cell culture medium. Afterward, cells were incubated for
30 min with GQDs (100 u#g/mL) and then treated for an
additional 24 h with 1T mM of NO-releasing compound GSNO
(Sigma-Aldrich, St. Louis, MO). Cell viability was determined as
previously described®’ by measuring cell numbers, mitochondrial
dehydrogenase activity, and cell membrane damage using crystal
violet staining, MTT test, and LDH release assay, respectively.

TEM Analysis of GQD Cellular Internalization. Jurkat T cells, J774
macrophages, and HepG2 hepatocytes (3 x 10° in a 100 mm
Petri dish) were incubated overnight in cell culture medium and
then treated with GQDs (100 ug/mL). After 1 h, cells were fixed
with 3% glutaraldehyde in cacodylate buffer, postfixed in 1%
osmium tetraoxide, dehydrated in graded alcohols, and then
embedded in Epon 812. The ultrathin sections were stained in
uranyl acetate and lead citrate and were examined using a
Morgagni 268D electron microscope (FEI, Hillsboro, OR).

Statistical Analysis. Results were analyzed using t-test or one-
way ANOVA followed by a Student—Newman—Keuls test for
multiple comparisons. All data were expressed as the mean +
SEM, and the values of p < 0.05 were considered as statistically
significant.
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