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ABSTRACT
Graphene oxide (GO) is a promising nanomaterial for application in a variety of biomedical
¯elds, including neuro-oncology, neuroimaging, neuroregeneration and drug delivery. Microglia
are the central macrophage-like cells critically involved in neuroimmunity. However, the in-
teraction between GO andmicroglia remainedmostly unknown. The present study investigated
the in°uence of GO on the production of proin°ammatory cytokines by microglia. Primary
murine microglial cells were treated with GO (1–25�g/mL) followed by stimulation with li-
popolysaccharide (LPS) for 24 h. The cell viability was measured by spectrophotometry using
AlamarBluer. The levels of interleukin (IL)-1� and tumor necrosis factor (TNF)-� in
the supernatants were measured by enzyme-linked immunosorbent assay (ELISA). The IL-1�
converting enzyme (ICE) activity was measured using a speci¯c °uorescent substrate. The
activity of cathepsin B and the lysosomal permeability and alkalinity were determined by
°ow cytometry. Treatment with GO did not a®ect cell viability, but signi¯cantly suppressed the
production of IL-1�. In contrast, the production of TNF-� was unaltered. In addition,
the lysosomal permeability and alkalinity in microglia treated with GO were increased, whereas
the activity of cathepsin B and ICEwas decreased. Collectively, these results demonstrated that
exposure to GO di®erentially a®ected the production of proin°ammatory cytokines, which is
associated with the modulation of the lysosomal pathway of cytokines processing.
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INTRODUCTION

Graphene has attracted a lot of attention in recent

years due to their unique electronic, mechanical, thermal

and optical properties, which endow its promising

application in a wide spectrum of ¯elds, including

electronics and biomedicine.1,2 In particular, graphene-

based nanomaterials have been studied for neuroimag-

ing, neuroregeneration, drug delivery and photothermal
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brain cancer therapy.3–5 Upon systemic administration,

graphene-based nanomaterials have been found mainly

accumulated in the liver and spleen.6–8 Previous studies

reported that graphene-based nanomaterials a®ected

the viability and functionality of macrophages, includ-

ing the induction of cell death, the suppression of

phagocytic activity and the enhancement of proin-

°ammatory cytokine production.9–14 In light of the in-

creasing applications of graphene-based nanomaterials

in the ¯elds of neurotherapeutics and neuroengineering,

the interaction between brain cells and graphene is a

relevant issue to be addressed. To date, it remains

mostly elusive if graphene in°uences the functionality

of microglia, the brain-resident macrophage-like

immune cells.

Microglia are responsible for the surveillance of ho-

meostasis in the central nervous system (CNS). In the

mature brain, microglia typically exist in a resting state

characterized by rami¯ed morphology. Upon brain in-

jury, foreign agent invasion and pathogen infection,

microglia are rapidly activated, and undergo morpho-

logic and functional alterations. Activated microglia

produce proin°ammatory cytokines and cytotoxic fac-

tors, including interleukin (IL)-1�, nitric oxide (NO),

tumor necrosis factor (TNF)-� and reactive oxygen

species (ROS). These mediators play a key role in the

prevention of brain cells from further damage and to

promote the repair of the damaged tissue.15,16 Recently,

it has been reported that gold, iron oxide, silica and

titanium oxide nanoparticles in°uence the morphology

and functionality of microglial cells.17–21 However, evi-

dence pertaining to the e®ects of graphene on the func-

tionality of microglia remains scarce. The objective of

this study was to investigate the e®ect of graphene oxide

(GO) on the production of proin°ammatory cytokines

by activated microglia.

MATERIALS AND METHODS

Reagents and Chemicals

All reagents were purchased from Sigma Chemical

(St. Louis, MO) unless otherwise stated. GO (thickness:

2 nm) was synthesized as previously described.22 Dul-

becco's Modi¯ed Eagle Medium (DMEM) was obtained

from Caisson Laboratories (Rexburg, ID). Fetal bovine

serum (FBS), horse serum (HS) and cell culture

reagents were purchased from GIBCO BRL (Gaithers-

burg, MD). Enzyme-linked immunosorbent assay

(ELISA) sets for cytokine measurement were purchased

from BD Biosciences (San Diego, CA). IL-1� converting

enzyme (ICE)/Caspase-1 protease assay kit and °uoro-

genic substrates Ac-YVAD-AFC (7-amino-4-methyl-

coumarin) were obtained from Chemicon (Temecula,

CA) and Tocris (Bristol, UK), respectively. Magic

RedTM cathepsin B detection kit was purchased from

Immunochemistry Technologies (Bloomington, MN).

Particle Size Analysis of GO

The particle size distribution of GO in double distilled

water (DDW) and in the cell-cultured medium

DMEM was measured by dynamic light scattering using

a particle size analyzer (Zetasizer Nano S, Malvern

Instruments Ltd., Malvern, Worcestershire, UK).

Culture of Primary Murine

Microglial Cells

Primary microglia were prepared from cerebral cortices

of 0–2 days old BALB/c mice (BioLasco, Ilan, Taiwan).

After removing meninges aseptically, the brain cells

were resuspended in DMEM containing 10% heat inac-

tivated FBS, 10% HS, 4mM L-glutamine, 100U/mL

penicillin and 100�g/mL streptomycin and cultured on

the °asks coated with 25�g/mL poly-D-lysine. Upon

reaching con°uence (12–16 days), loosely adherent

microglial cells were collected by shaking at 165 rpm at

37�C for 3 h. The enriched microglial cells were cultured

on culture plates for 2 h to allow attachment, and then

the medium was changed to DMEM containing 1% HS,

4mM L-glutamine, 100U/mL penicillin and 100�g/mL

streptomycin for experiments with GO exposure. In all

cases, the cells were cultured at 37�C in 5% CO2. The

purity of microglial culture was > 90% as determined

by °ow cytometry with CD 11b staining.

Measurement of Cell Viability

The viability of microglia was determined by the

AlamarBluer assay. Microglial cells (4� 105 cells/mL)

were cultured in quadruplicate in opaque 96-well plates

(0.1 mL/well). The cells were either left untreated

(naïve; NA) or treated with GO (1–25�g/mL) and/or

vehicle (VH; distilled water) for 30min followed by

stimulation with lipopolysaccharide (LPS; 100 ng/mL)

for 24 h. An AlamarBluer stock solution was added to

each well (10�L/well) 4 h before the end of incubation.

At the end of incubation, the °uorescence of reduced

AlamarBluer was measured using a microplate reader

with excitation at 560 nm and emission at 590 nm

(SpectraMax M5, Molecular Devices, Sunnyvale, CA).
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Cell Cultures for Cytokine Measurement

Microglial cells (4� 105 cells/mL) were cultured in

triplicate in 48-well plates (0.25mL/well). The cells were

either left untreated (naïve; NA) or treated with GO

(1–25�g/mL) and/or VH for 30min followed by stim-

ulation with LPS (100 ng/mL) for 24 h to induce ap-

propriate levels of IL-1� and TNF-� in the supernatants

allowing to be quanti¯ed by standard sandwich ELISA.

Measurement of ICE Activity Using

Enzymatic Assay

Microglial cells (4� 105 cells/mL) were cultured in 6 cm

dishes (5.5mL/dish) and treated with GO and LPS as

described above. After washing, the cells were harvested

and lysed with cell lysis bu®er. The lysates were incu-

bated with 200�M of the ICE °uorogenic substrates Ac-

YVAD-AFC and 5mM of DTT for 2 h at 37�C, and the

°uorescence was measured at 400 nm excitation and

505 nm emissions (SpectraMax M5, Molecular Devices,

Sunnyvale, CA).

Detection of Cathepsin B Enzyme
Activity

Microglial cells (4� 105 cells/mL) were cultured in

triplicate in 48-well plates (0.25mL/well) and treated

with GO and LPS as described above. The cells were

stained with Magic RedTM cathepsin B substrate for 1 h

at 37�C. Once the substrate is cleaved by active ca-

thepsin B, its product emits red °uorescence whose in-

tensity is a direct measurement of the enzymatic activity

of cathepsin B. After washing, the °uorescence of 5000

single cells for each sample was measured using a °ow

cytometer at emission of 610 nm (BD LSRFortessa cell

analyzer, BD Biosciences, San Jose, CA). Data were

analyzed using the software Flowjo7.5 (Tree Star Inc.,

Ashland, OR).

Measurement of Lysosomal Acidity
and Permeability

The acidity and permeability of lysosome were deter-

mined by °ow cytometry using LysoSensorTM Green

DND-189 and acridine orange, respectively. Microglial

cells (4� 105 cells/mL) were cultured in triplicate in 48-

well plates (0.25mL/well) and treated with GO and

LPS as described above. The cells were stained with

1�M LysoSensorTM for 2 h or 5�g/mL acridine orange

for 10min at 37�C. After washing, the °uorescence of

5000 single cells for each sample was measured using a

°ow cytometer at emission of 525 nm and 610 nm for

LysoSensorTM and acridine orange, respectively (BD

LSRFortessa cell analyzer, BD Biosciences, San Jose,

CA). Data were analyzed using the software Flowjo7.5

(Tree Star Inc., Ashland, OR).

Statistical Analysis

The mean� standard error (SE) was determined for

each treatment group in the individual experiments.

Homogeneous data were evaluated by a parametric

analysis of variance, and Dunnett's two-tailed t-test

was used to compare treatment groups to the control

group. �p < 0:05 was de¯ned as statistical signi¯cance.

RESULTS AND DISCUSSION

Particle Size Analysis of GO

GO with the thickness of 2 nm was synthesized by a

modi¯ed Hummers' method.23,24 The particle size dis-

tribution of GO was measured by dynamic light scat-

tering. The GO in distilled water exhibited two peaks

of size distribution with average particle sizes of 11 nm

and 179 nm. When the GO was diluted with

cell-cultured medium (DMEM containing 1% HS), three

peaks of size distribution with average particle sizes of

4, 13 and 126 nm were measured (Fig. 1).

GO Did Not A®ect the Viability of

Primary Microglia

Previous studies demonstrated that graphene and

GO induced cell death in immortalized and primary

macrophages.9–12 It is currently unclear whether GO

Fig. 1 Particle size analysis of GO. The particle size distri-

bution of GO in DDW and in the cell culture medium DMEM

was measured by dynamic light scattering.
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a®ect the viability of primary microglia. Hence, we

¯rstly measured the cell viability of microglial cells ex-

posed to GO using the AlamarBluer assay. Exposure of

LPS-activated microglia to GO (1–25�g/mL) for 24 h

did not a®ect the mean °uorescence intensity of

AlamarBluer, as compared to the VH control (Fig. 2),

indicating that the employed concentration range of GO

did not a®ect the cell viability. The concentration range

of GO was chosen according to previous reports showing

cytotoxic e®ects of GO and graphene on macro-

phages.10,11 Several factors might a®ect the cytotoxicity

of GO, including the particle size, shape, surface modi-

¯cation and the condition and types of cells. As the size

of GO used in the present study was less than 200 nm,

which was far smaller than that (1–2�m) of GO used in

macrophages in previous studies,11 suggesting that the

size may be a key factor dictating the cytotoxicity of

GO. Nonetheless, the di®erence between macrophages

and microglia cannot be ruled out. Further studies are

required to elucidate the relationship between particle

size and cytotoxicity of GO in di®erent phagocytes.

GO Di®erentially Modulated the
Production of Proin°ammatory

Cytokines by LPS-Stimulated Microglia

To address the potential impact of GO on the func-

tionality of microglia, we examined the production of

proin°ammatory cytokines by LPS-stimulated micro-

glia. The concentration (100 ng/mL) of LPS was chosen

according to previous reports showing the e®ective ac-

tivation of microglia and the production of proin-

°ammatory cytokines.21 Exposure of LPS-activated

microglia to GO signi¯cantly inhibited the production of

IL-1�, but not TNF-� (Fig. 3). Previous studies showed

that PEG-coating GO di®erentially regulated the pro-

duction of proin°ammatory cytokines in RAW264.7

macrophages, in which TNF-� was enhanced and IL-1�

was unaltered.25 Interestingly, our recent report dem-

onstrated that iron oxide nanoparticles di®erentially

Fig. 2 GO did not a®ect the viability of primary microglia.

Microglia (4� 105 cells/mL) were either left untreated (NA),

or treated with VH (H2O) and/or GO (1–25�g/mL) for

30min, followed by stimulation with LPS (100 ng/mL) for

24 h. The cell viability was determined by the AlamarBluer

assay. Data are expressed as the mean� SE of quadruplicate

cultures. Results are a representative of three independent

experiments.

Note: MFI, mean °uorescence intensity.

(A)

(B)

Fig. 3 GO di®erentially modulated the production of pro-

in°ammatory cytokines by LPS-stimulated microglia. Micro-

glia (4� 105 cells/mL) were either left untreated (NA), or

treated with VH (H2O) and/or GO (1–25�g/mL) for 30min,

followed by stimulation with LPS (100 ng/mL) for 24 h. The

level of (A) IL-1� and (B) TNF-� in the supernatants was

measured by ELISA. Data are expressed as the mean� SE

of triplicate cultures. Results are a representative of three in-

dependent experiments. *p < 0:05 compared to the VH group.

Note: N.D., the level of cytokine is below the limit of quanti-

¯cation.
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modulated the production of IL-1� and TNF-� in pri-

mary microglia, in which iron oxide nanoparticles ac-

cumulated in lysosomes, inhibited the secretory

lysosomal pathway of IL-1� processing and thus sup-

pressed the production of IL-1�.21 By contrast, PEG-

coating GO has been shown to localize with F-actin in

RAW264.7 macrophages.25 Collectively, these results

suggested that the di®erential e®ects of nanoparticles on

the production of proin°ammatory cytokines in macro-

phages and microglia may be attributed to the di®erent

intracellular targets a®ected by nanoparticles.

GO Attenuated the Activity of ICE
and Secretory Lysosomal Cathepsin B

in LPS-Activated Microglia

The maturation of IL-1� required the proteolytic

cleavage of pro-IL-1� by the ICE (caspase-1).26 In acti-

vated microglia, the secretory lysosomal enzyme ca-

thepsin B has been shown to play a critical role in the

processing and maturation of IL-1� through the acti-

vation of pro-caspase-1.21,27 To elucidate the potential

mechanisms contributing to the suppressive e®ect of

GO on the production of IL-1� by activated microglia,

the activity of ICE and cathepsin B was measured

using speci¯c °uorescent substrates. Consistent with the

suppressive e®ect on IL-1� production, exposure to GO

signi¯cantly attenuated the activity of ICE (Fig. 4(A))

and cathepsin B (Fig. 4(B)) in LPS-activated microglia.

These results demonstrated that exposure to GO

inhibited the secretory lysosomal pathway of IL-1�

processing and maturation in activated microglia, sug-

gesting that lysosomes are a critical intracellular target

for GO. This notion was supported by previous results

showing the accumulation of GO in the lysosomes of

murine macrophages.12

GO Elevated Lysosomal Alkalinity
and Permeability in LPS-Activated

Microglia

Previous studies demonstrated that the accumulation of

GO in lysosomes resulted in lysosomal dysfunction in

murine macrophages.12 Our results showed that GO

inhibited the cathepsin B enzyme activity of lysosomes

in activated microglia. Hence, we further investigated

the potential impact of GO on the lysosomes of micro-

glia. Most of lysosomal enzymes function optimally in

the acid environment.28 We examined whether GO al-

tered the acidity of lysosomes in LPS-activated micro-

glia. The acidity of lysosomes was measured by °ow

cytometry using LysoSensor Green DND-189, which

emits green °uorescence in acidic organelles, such as

lysosomes. The mean °uorescent intensity of Lyso-

Sensor was markedly attenuated in GO-treated cells

(Fig. 5(A)), indicating an elevated alkalinity in lyso-

somes. It has been reported that disruption of lysosomal

integrity contributed to the alkalinization and dys-

function of lysosomes.29,30 Therefore, we examined the

permeability of lysosomes using acridine orange that

(A) (B)

Fig. 4 GO attenuated the activity of ICE and the cathepsin B enzyme activity of secretory lysosomes in LPS-activated microglia.

Microglia were treated with VH (H2O) and/or GO (10�g/mL) for 30min, followed by stimulation with LPS (100 ng/mL) for 24 h.

(A) The cell lysates were incubated with °uorogenic ICE substrates for 2 h at 37�C. The °uorescence of cleaved substrates was

detected using a °uorescent microplate reader. (B) The cells were incubated with the cathepsin B substrate for 1 h at 37�C. The
°uorescence of cathepsin B substrate was measured by °ow cytometry. Data are expressed as the mean� SE of triplicate cultures.

Results are a representative of two independent experiments. *p < 0:05 compared to the VH group.
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can be trapped in lysosomes and emits red °uorescence.

Exposure of microglia to GO attenuated the °uorescent

intensity of acridine orange (Fig. 5(B)), indicating an

increased lysosomal permeability. Notably, the e®ects of

GO at concentrations of 10�g/mL and 25�g/mL on

the cathepsin B activity, and lysosomal acidity and

permeability in microglia were comparable, implicating

that GO at concentrations greater than 10�g/mL

might reach a plateau e®ect on lysosomal functionality.

Collectively, these results suggested that treatment

with GO might impair lysosomal functions by elevating

the lysosomal permeability and alkalinity in LPS-stim-

ulated microglia. In addition, the disruption of lyso-

somal integrity may be a critical mechanism

contributing to GO-mediated interruption of the se-

cretory lysosomal processing of IL-1� production in

LPS-activated microglia.

CONCLUSION

The present study demonstrated a di®erential e®ect

of GO on the production of proin°ammatory cytokines

by activated microglia, in which the suppression of

IL-1� production was mediated by the inhibition of

the secretory lysosomal processing pathway. These

¯ndings provide new insights to the potential impact

of GO on the functionality of activated microglia

and implied lysosomes as a crucial intracellular target

for GO.
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