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Abstract

Graphene oxide (GO) is increasingly used in biomedical applications because it possesses not only 

the unique properties of graphene including large surface area and flexibility but also 

hydrophilicity and dispersibility in aqueous solutions. However, there are conflicting results on its 

biocompatibility and biosafety partially due to large variations in physicochemical properties of 

GO, and the role of these properties including lateral size in the biological or toxicological effects 

of GO is still unclear. In this study, we focused on the role of lateral size by preparing a panel of 

GO samples with differential lateral sizes using the same starting material. We found that, in 

comparison to its smaller counterpart, larger GO showed a stronger adsorption onto the plasma 

membrane with less phagocytosis, which elicited more robust interaction with toll-like receptors 

and more potent activation of NF-κB pathways. By contrast, smaller GO sheets were more likely 

taken up by cells. As a result, larger GO promoted greater M1 polarization, associated with 

enhanced production of inflammatory cytokines and recruitment of immune cells. The in vitro 
results correlated well with local and systemic inflammatory responses after GO administration 

into the abdominal cavity, lung, or bloodstream through the tail vein. Together, our study 

delineated the size-dependent M1 induction of macrophages and pro-inflammatory responses of 

GO in vitro and in vivo. Our data also unearthed the detailed mechanism underlying these effects: 

a size-dependent interaction between GO and the plasma membrane.
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Graphene derivatives (such as graphene oxide, GO) possess unique physicochemical 

properties including large surface area, flexibility, and good dispersibility in various 

solutions.1,2 Thus, GOs are increasingly used in biomedical applications including sensors, 

optical imaging, antibiotics, and drug/gene delivery.3,4 The expanding use of GO in 

biomedicine will certainly increase the opportunity of human exposure, and this has raised 

general concerns on its safety. To achieve the maximal potential in biomedical uses of GO, it 

is necessary to determine its hazard potential and understand the mechanisms of action.

To date, there are conflicting results on the biocompatibility of GO. Some reports suggest 

that GO is biologically safe, while others draw different conclusions4–8 For those who 

demonstrated GO toxicity, there is an uncertainty on the exact physicochemical properties 

(e.g., lateral size, thickness, geometry, and functional groups) that are responsible for its 

adverse effects9 Although researchers have recognized that the lateral size of GO may play 

an important role in determining its biological effects,10,11 the key question remains 

unanswered: how the lateral size dictates cellular responses to GO. First, the interface 

between GO and the plasma membrane has not been investigated in depth thus far. Second, 

there is no clear insight about how sensing molecules on the membrane surface respond to 

GO, as well as the role of the GO lateral size in determining membrane adsorption and 

intracellular uptake of GO. Third, studies were often carried out either in vitro or in vivo 
without showing their correlations. In addition, the signaling pathways responsible for size-

related GO toxicity remain poorly understood.

Herein, we set out to determine the hazard potential of GO and the impact of lateral size on 

GO-induced biological or toxicological effects. Using the same starting material, we 

prepared a battery of GO samples with different lateral sizes without changing other 

properties. We investigated their effects on monocytes/macrophages that are the first line of 

defense at the portal-of-entry against foreign agents and release substances to activate other 

immune cells. We performed studies on GO-induced local and systemic pro-inflammatory 

effects after administration into the abdominal cavity, lung, or bloodstream through the tail 

vein. We demonstrated the distinct effects of GO with different lateral sizes in inducing 

macrophage M1 polarization and pro-inflammatory effects in vitro and in vivo. We also 

determined the molecular mechanism of GO-induced inflammation that involved the toll-

like receptors (TLRs) and NF-κB pathways.
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RESULTS

Preparation of GO with Distinct Lateral Sizes

To clarify the role of lateral size in the interaction between GO and cells, we prepared a 

series of GO samples with different lateral sizes through breakdown of the same starting 

material. Since the size range for GO in biomedical applications is usually from~50 to 

~1000 nm,12–15 our GO samples were prepared in a comparable lateral size range. As shown 

in Figure 1A, the morphology of GO samples was visualized by atomic force microscopy 

(AFM). The size distribution analysis showed most (>95%) GO sheets ranged from 50 to 

350 nm for S-GO (smallest), from 350 to 750 nm for I-GO (intermediate), and from 750 to 

1300 nm for L-GO (largest), respectively (Figure 1B, P < 0.001). The difference in lateral 

size for GO samples was confirmed by transmission electron microscopy (TEM) (Figure 

1C). In addition, AFM showed that the average thickness was approximately 1.0 nm for all 

these samples (Figure 1D), indicating that they were composed of single-layered graphene 

sheets.16 These data suggested that we have successfully prepared single-layered GO 

samples with different average lateral sizes.

To make sure that the sample preparation processes did not change physicochemical 

properties other than the lateral size, we performed detailed physiochemical 

characterizations for these GO samples. Surface charge was analyzed by zeta-potential 

assessment. As shown in Figure 2A, suspended either in Milli-Q water or in cell culture 

medium, these GO samples were similarly negatively charged. The UV-vis spectrum showed 

an absorption peak at 227 nm for all these GO samples (Supplementary Figure 1), which 

was similar to the reported feature range of 227– 231 nm for GO 17–19 The λmax determined 

by π → π* transitions was constant among these GO samples, and the shoulder peak 

attributed to n → π* transitions of the carbonyl groups was also found at around ~300 nm 

in the UV–vis profile for all GO samples (Supplementary Figure 1), which was consistent 

with a GO sheet with a size in the range of ~300 to ~2000 nm.18,20,21 Furthermore, Raman 

spectra showed similar basal structure profiles with a characteristic D peak (1331 cm−1) and 

G peak (1596 cm−1) (Figure 2B) for all the GO samples, consistent with published data 22 

The D band represents the presence of disorder in sp2 hexagonal carbon, whereas the G band 

indicates stretching of C−C bonds in graphitic materials.23,24 The ratio of ID (intensity of D 

band)/IG (intensity of G band) is oftentimes applied to reflect the quantity of structural 

defects in graphitic materials.25–27 After calculation, a similar ID/IG ratio was found for all 

three as-prepared GO samples: 1.78, 1.64, and 1.55 for S-GO, I-GO, and L-GO, 

respectively, without statistically significant differences (Figure 2B, lower panel, P > 0.05), 

indicating comparable structural defects in these GO samples.

Fourier transform infrared (FTIR) spectroscopy was performed to explore the surface groups 

of the GO samples, and the results are illustrated in Figure 2C. The peaks at 3420 and 1620 

cm−1 represented the absorbance of O-H stretching vibrations, whereas bands denoting C−O 

and C═O stretching of the COOH group were located at 1042 and 1073 cm−1. Meanwhile, 

the C═O vibration band was identified at 1170 cm−1, and the band corresponding to C═O 

stretching vibration of COOH was located at 1740 cm−1. Furthermore, bands representative 

of C−H stretching were recognized at 3000-2800 cm−1. Moreover, X-ray photoelectron 
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spectroscopy (XPS) displayed similar profiles for all GO samples, with characteristic peaks 

at 284.4, 286, 286.5, and 288.3 eV, representing C−C/C═C, C–OH, C═O, and O═C–OH 

groups, respectively (Figure 2D). The quantitative analysis of each group showed that the C–

OH content was slightly increased in S-GO and I-GO, relative to L-GO; however, the total 

amount of C═O and O═C–OH remained consistent for all GO samples (Figure 2E). 

Additionally, the C−C/C═C content was constant for these GO samples (Figure 2E). Taken 

together, these characterization data demonstrated that S-GO, I-GO, and L-GO samples 

showed comparable physicochemical properties except lateral size differences.

GO Induced Lateral Size-Dependent Pro-inflammatory Responses in Macrophages

We used J774.A1 macrophages as the cellular model to study the GO-induced pro-

inflammatory effect. First, we performed the cytotoxicity screening with the live/dead assay, 

which showed progressive decrease in cell viability by L-GO treatment starting at 20µg/mL 

at 24 h (Supplementary Figure 2A, P < 0.05). Although I-GO and S-GO could also reduce 

the cell viability of J774.A1 cells at 20 µg/mL, they are significantly less toxic than L-GO at 

12 and 24 h (Supplementary Figure 2B, P < 0.05). This finding was further confirmed by PI 

staining (Supplementary Figure 2C, P < 0.05). These results demonstrated that GO induced 

cell death in J774.A1 cells in a size-dependent manner at the same mass dosage, and we 

chose 20 µg/mL in the following experiments because a large percentage of cells remained 

viable after 24 h treatment.

Previous reports showed that GO treatment could trigger inflammatory responses including 

the production of inflammatory cytokines by macrophages.8,28,29 Thus, we determined the 

cytokine production in J774A.1 cells in response to GO treatment. We found that GO 

induced exaggerated mRNA expression of pro-inflammatory TNF-α and IL-6 in J774.A1 

cells at 20 µg/mL for 24 h, and the mRNA expression levels by GOs correlated well with the 

lateral size of GO, which ranked as S-GO < I-GO < L-GO (Supplementary Figure 3A,B, P < 

0.05). ELISA assay validated the size-dependent induction of TNF-α and IL-6 inJ774.A1 

cells (Figure 3A,B, P < 0.05). A similar observation on mRNA expression levels of TNF-α 
and IL-1β was made in human macrophage THP-1 cells by S-GO, I-GO, and L-GO at 

20µg/mL for 24 h (Supplementary Figure 4A,B, P < 0.05). These data showed that GO could 

induce pro-inflammatory effects in a size-dependent manner, and the most significant 

difference was found between L-GO and S-GO. Therefore, we compared the effects of L-

GO and S-GO for the following investigations.

L-GO Induced Significantly Higher Inflammatory Responses than S-GO in Animals after 
Intraperitoneal Injection (ip) administration

To test whether the in vitro findings also hold true in vivo, we tested the effects of GO in 

mice delivered by ip injection because the abdominal cavity is an ideal site to study 

macrophage activation and it has also been used as a surrogate for the mesothelial lining of 

the chest cavity.30,31 The dose used in the current study was comparatively lower than other 

studies on the in vivo biodistribution and toxicity of GO,32–34 and the GO dosage we used 

here did not cause overt toxicities to animals, as manifested by the absence of weight loss 

and abnormal activities (including eating and drinking). After ip administration, we studied 

local inflammation using lavage from the peritoneal cavity and systemic inflammation using 
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serum. For local inflammation, the peritoneal cavity for each mouse was thoroughly lavaged 

with cold phosphate-buffered saline (PBS) post-GO-exposure, similar to a previous report.35 

As shown in Figure 3C, the total protein levels increased significantly to 3-fold or 4-fold 

than control for S-GO- or L-GO-treated mice, respectively (P < 0.05). The concentration of 

TNF-α in the lavage was significantly increased (Figure 3D, P < 0.001), with the TNF-α 
level in L-GO-treated mice being 6 times more than that in the S-GO-treated mice (Figure 

3D, P < 0.001). A similar pattern was found for IL-6 secretion between the two treatments, 

although the difference is smaller (Figure 3E, P < 0.05). In addition to the induction of local 

inflammation in the abdominal cavity, considerable systemic inflammation was also 

observed. We found a significant increase in IL-6 and TNF-α production in serum from GO-

treated mice, and L-GO induced significantly higher cytokine production than S-GO (Figure 

3F,G, P < 0.05), which was consistent with the findings from in vitro assays and analysis 

with peritoneal lavage. Bacterial lipopoly-saccharides (LPS), a positive control, induced 

systemic inflammation in mice (Supplementary Figure 5A,B). These data suggested that GO 

could induce enhanced inflammatory cytokine production locally in the abdominal cavity 

and systemically in blood for mice after GO exposure. The magnitude of the pro-

inflammatory effect was closely related to the lateral size of GO, and L-GO was 

significantly more potent than S-GO.

Macrophages also play a critical role in recruiting and activating other immune cells to 

enhance the pro-inflammatory responses through secreting signaling proteins.36–38 As 

shown in Figure 3H, the total number of peritoneal cells was increased by more than 24-fold 

or 30-fold in the lavage after S-GO or L-GO exposure, respectively, compared to untreated 

mice (P < 0.001), suggesting significant recruitment of cells into the peritoneal cavities by 

GO. Furthermore, recruited cell populations were carefully differentiated by flow cytometry 

analysis (FACS) (Figure 3I). Enhanced recruitment of leukocytes was found in the peritoneal 

cavities of mice upon GO exposure, as shown by mostly 84-fold and 136-fold increases of 

the CD45+CD54+ population (representative of recruited leukocytes39–43) upon S-GO and 

L-GO treatment, respectively, and L-GO is significantly higher than S-GO (Figure 3I,J, P < 

0.001).

The acute phase of inflammation involves extravasation and migration of inflammatory 

leukocytes to infected sites.44 For instance, activated macrophages secrete inflammatory 

cytokines (such as TNF-α and IL-6), which recruit more monocytes/macrophages and other 

types of leukocytes (e.g., neutrophils) to the affected area as a hallmark of acute 

inflammation.44 CD11b is a canonical surface marker of myeloid cells including monocytes, 

macrophages, and neutrophils45,46 Our FACS analysis showed that the percentage of 

CD11b+ subpopulation cells among the CD45+CD54+ population was notably increased in 

S-GO-treated mice (56%) and L-GO-treated mice (69%), compared to untreated mice (30%) 

(Figure 3K, P < 0.05). The number of CD11 b+ subpopulation among the CD45+CD54+ 

cells was strikingly increased by more than 90-fold for S-GO and 129-fold for L-GO, 

compared to untreated mice (Figure 3L, P < 0.001). As shown in Figure 3M,N, within the 

CD11 b+ cell population, a large proportion was stained with F4/80-positive (CD11b+F4/ 

80+ cells, referring to monocytes/macrophages) or Gr1-positive (CD11b+Gr1+ cells, namely, 

neutrophils) cells in S-GO- or L-GO-treated mice, compared to that in untreated cells (P < 

0.05). The total number of CD11b+F4/ 80+ subpopulation cells was increased by 15-fold and 
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24-fold in the peritoneal cavities of mice challenged by S-GO and L-GO, respectively 

(Figure 3M, P < 0.05), whereas the total number of CD11b+Gr1+ subpopulation cells was 

elevated by 5321 times and 7811 times in the peritoneal cavities of S-GO-treated mice and 

L-GO-treated mice, respectively, compared to that in untreated mice (Figure 3N, P < 0.001). 

Considering the difference between S-GO and L-GO, there was an approximately 60% 

increase in the total number of CD11b+F4/80+ subpopulation and CD11b+Gr1+ sub-

population cells in L-GO-treated mice compared to S-GO-administrated mice (Figure 3M,N, 

P < 0.05). These results suggested that GO-activated macrophages recruited inflammatory 

cells including monocytes/macrophages and neutrophils into peritoneal cavities, and L-GO 

elicited a greater effect on inflammatory cell recruitment than S-GO, which was consistent 

with the in vitro results (Figure 3A,B and Supplementary Figures 3 and 4).

L-GO Induced Higher Inflammatory Responses in Lung through Oropharyngeal Aspiration 
(it) and in Blood through Intravenous (iv) Injection than S-GO

To test pro-inflammatory responses induced by S-GO and L-GO administered via other 

delivery routes, lung exposure by it instillation and blood exposure via tail vein injection 

were performed accordingly. After 72 h exposure for both cases, the degree of inflammatory 

responses was assessed using similar assays to those described above for ip GO exposure. 

As shown in Figure 4A, the level of total protein in bronchoalveolar lavage (BAL) fluid was 

significantly increased more than 1.8-fold or 2.4-fold in S-GO- or L-GO-treated mice, 

respectively, compared to untreated mice (P < 0.05). IL-6 concentration in BAL fluid was 

elevated 1.3-fold in S-GO-treated mice and 2.5-fold in L-GO-treated mice, compared to 

untreated mice (Figure 4B, P < 0.05). Recruitment of inflammatory cells into the lung was 

also determined. As shown in Figure 4C, the total number of cells in BAL fluid was 

increased by 2.6-fold or 4.1-fold in mice upon S-GO or L-GO administration, respectively, 

compared to untreated mice (P < 0.001), suggesting increased cell recruitment into the lungs 

by GO. CD45+CD54+ leukocytes were increasingly recruited in BAL fluid by 6-fold or 12-

fold in mice treated by S-GO or L-GO, respectively, relative to that in untreated mice 

(Figure 4D, P < 0.05). Further analysis of the recruited cells showed a great increase of 

CD11b+ cells in the CD45+CD45+ population, with a 55-fold or 232-fold increase for S-GO- 

or L-GO-treated mice, respectively, relative to untreated mice (Figure4E, P<0.05).Of the 

CD11b+subpopulation, marked accumulations of CD11b+F4/80+ subpopulation cells and 

CD11b+Gr1+ subpopulation cells were demonstrated in BAL fluid from mice challenged by 

S-GO or L-GO (approximately 80-fold for CD11b+F4/80+ and 19-fold for CD11b+Gr1+ 

subpopulations, respectively), especially for L-GO (Figure 4F,G, P < 0.001). Moreover, GO 

induced a 2-fold increase in serum IL-6 in GO-challenged mice (Figure 4H, P < 0.001). 

Notably, L-GO induced significantly higher pulmonary and systemic inflammatory cytokine 

production and inflammatory cell recruitments than S-GO (Figure 4, P < 0.05), consistent 

with the findings in the peritoneal cavity (Figure 3). In addition to the lung exposure, we 

also compared the capability of S-GO and L-GO in inducing systemic inflammation by 

directly administrating GO into the blood through iv injection. The IL-6 production in serum 

increased significantly by GO, and L-GO-induced IL-6 was 2.8-fold higher than S-GO 

(Supplementary Figure 6A, P < 0.05). A similar trend was found for TNF-α secretion 

between S-GO- and L-GO-treated mice (Supplementary Figure 6B, P < 0.05). Collectively, 
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these results further demonstrated lateral size-dependent effects for GO on inducing lung 

and systemic inflammation.

Lateral Size-Dependent Macrophage Activation into M1 Macrophages That Promoted 
Inflammation

On the basis of the above in vitro and in vivo findings, it was reasonable to hypothesize that 

GO may differentially induce macrophage polarization, which in turn enhanced pro-

inflammatory responses, including recruiting leukocytes and stimulating secretion of 

inflammatory cytokines47,48 To validate this hypothesis, we checked the M1/M2 polarization 

of macrophages through determining the induction of Arg1+ cells (representative of M2 

macrophages) or iNOS+ cells (representative of M1 macrophages) by FACS.20,49–51 After S-

GO or L-GO treatment in J774.A1 cells for 24 h, no significant induction of Arg1+ cells was 

demonstrated compared to untreated cells (Figure 5A, P > 0.05). In contrast, induction of 

iNOS+ cells was significantly increased in GO-treated cells, with a 21-fold increase for S-

GO-treated cells and a 31-fold increase for L-GO-treated cells, compared to untreated cells 

(Figure 5B, P < 0.001). Consistent with the FACS results, the iNOS mRNA level was 

significantly elevated by more than 17-fold upon GO treatment, especially for L-GO (Figure 

5C, P < 0.001). In support of these data, M1 macrophage-secreted cytokines including TNF-

α, IL-6, and IL-1β52,53 were significantly increased by GO, and L-GO induced significantly 

higher cytokine production than S-GO (Figures 3 and 4 and Supplementary Figures 3–6, P < 

0.05). Furthermore, we determined M1 polarization for macrophages in the abdominal 

cavities of mice after GO administration. In agreement with the in vitro results, S-GO 

significantly increased the induction of iNOS+ cells by 6.6-fold and L-GO induced a 12.2-

fold increase compared to untreated cells (Figure 5D, P < 0.05). These findings suggested 

that GO treatment induced macrophage polarization to the M1 pheno-type, and L-GO 

significantly elicited higher M1 macro-phage induction than S-GO.

Lateral Size Determined Adsorption and Uptake of GO by Macrophages

To shed light on the molecular mechanisms responsible for size-dependent macrophage 

activation, we studied the interaction between GO and the plasma membrane and the 

subsequent uptake of GO by macrophages. As shown in Figure 6A, the Raman mapping 

spectrum showed characteristic D and G bands in J774.A1 cells treated with 20 µg/mL S-

GO or L-GO for 6 h. This result implied a rapid association of GO on the plasma membrane; 

however, due to the resolution of the confocal micro-Raman spectrometer, it was difficult to 

quantify the amount of associated GO and discern the location of the GO: on the membrane 

or inside the cells.54,55 To address this issue, we first probed the GO intracellular 

localization through TEM. As shown in Figure 6B, GO sheets were clearly identified in 

membrane-bound structures inside cells, most likely in phagosomes within the cytosol, for 

both S-GO-and L-GO-treated cells. In addition, we can clearly see the flat side of GO sheets 

attaching in parallel with the plasma membranein L-GO-treated cells with no sign of being 

phagocytosed, whereas S-GO sheets could not be readily found on the plasma membrane 

(Figure 6B). As expected, no sheets could be found in untreated cells (Figure 6B). In 

addition to TEM, we also used FITC-bovine serum albumin (BSA)-labeled GO to track 

GO’s cellular uptake and localization through laser scanning confocal microscopy. After 

labeling, a similar amount of FITC-BSA was conjugated on S-GO and L-GO, as reflected by 
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the SDS-PAGE analysis after Coomassie Blue staining (Supplementary Figure 7A). 

Meanwhile, comparable fluorescence intensity was demonstrated between FITC-BSA-S-GO 

and FITC-BSA-L-GO (Supplementary Figure 7B). As shown in Figure 7A, while some 

FITC-BSA-labeled S-GO could be detected on the plasma membrane of J774.A1 cells after 

1 h, a large amount of FITC-BSA-labeled L-GO showed adsorption on the plasma 

membrane (Figure 7A). Also after 1 h incubation, only a small amount of S-GO and L-GO 

could be observed inside cells (Figure 7A). As the incubation time increased, more GO was 

taken up into the cells at 3 and 6 h, especially for S-GO-treated cells (Figure 7A). An 

enlarged image of cellular uptake of S-GO is shown along with the image of an untreated 

cell in the right panel of Figure 7A. In comparison to S-GO-treated cells, the intracellular 

fluorescent intensity for L-GO was lower by 30% at 6 h (Figure 7A and Supplementary 

Figure 8, P < 0.05). To quantify the uptake of GO, we use an established FACS technique.56 

The uptake of GO will result in an increase in cellular granularity, as evidenced by the 

quantitative increase in side scattering (SSC) (Supplementary Figure 9A,B). In support of 

the above data, the cellular SSC analysis demonstrated that S-GO was engulfed 

approximately 24–34% more than L-GO over the time course at 3, 6, 12, and 24 h (Figure 

7B, P < 0.05). These results together demonstrated that L-GO had less cellular uptake, 

compared to S-GO.

TLRs Were Involved in GO Sensing to Induce Pro-inflammatory Responses

Macrophages sense invading pathogens and particles through a variety of receptors on their 

membrane,57 and different receptors are able to discriminate specific components of 

pathogens.58 For instance, TLRs, a family of pattern recognition receptors, recognize 

distinct pathogen-associated molecular patterns,59,60 as illustrated in Figure 8A. TLR2 

detects bacterial peptidoglycans,61 whereas TLR4 recognizes LPS along with LPS receptors 

CD14 and MD-2 (encoded by the LY96 gene)62,63 Activation of TLRs triggers pro-

inflammatory responses through an adaptor molecule myeloid differentiation primary-

response gene 88 (MyD88).58 Our above data demonstrated significant pro-inflammatory 

responses in macrophages in response to GO; thus it would be plausible to interrogate the 

TLRs that might be activated by GO. An array of TLR inhibitors was employed (Figure 

8A,B). Differential effects on TNF-α expression were recorded in J774. A1 cells treated 

with L-GO in the presence of the inhibitors (Figure 8B). TNF-α expression was significantly 

repressed by 61% or 34% when TLR2/TLR4 or TLR4 was inhibited by OXPAPC or 

CLI095, respectively, compared to GO-treated cells without inhibitor pre-treatment (Figure 

8B, P < 0.05). In contrast, inhibition of the organelle membrane molecule TLR9 by 

ODN2088 did not result in suppression of the TNF-α level (Figure 8B). In addition, the 

MyD88 inhibitor ST282564 significantly inhibited TNF-α mRNA expression by 70% 

(Figure 8B, P < 0.05), supporting the crucial role of MyD88 at the converging site in 

transducing upstream stimulatory signals to the downstream pathways.57,65

On the basis of the inhibitor data, we chose TLR4 for a detailed study. First, to rule out 

potential alterations to the concentration of TLR4 on the cell membrane by GO, we 

investigated the TLR4 levels in the cell membrane portion through Western blotting. As 

shown in Figure 8C, the protein level of TLR4 was not significantly changed in J774.A1 

cells upon treatment with L-GO or S-GO for 12 or 24 h, compared to untreated cells. 
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However, the TLR4 inhibitor CLI095 markedly repressed the expression of TNF-α by 

approximately 60% in cells after S-GO or L-GO treatment (Figure 8D, P < 0.05), suggesting 

that TLR4 was involved in GO-induced inflammation. To substantiate the regulation of 

TNF-α expression by GO through TLR4 signaling, we examined TNF-α expression in 

HEK293/TLR4 cells with TLR4 knock-in in response to GO.8,66 LPS was used as a positive 

control to trigger the TLR4 signaling,67 which increased TNF-α expression up to 40-fold in 

HEK293/ TLR4 cells (Figure 9A, P < 0.001), demonstrating that these cells were ideal for 

studying TLR4 activation. Using these cells, we found L-GO could activate TLR4 signaling 

and increase TNF-α expression by approximately 2.5-fold, compared to untreated HEK293/

TLR4 cells (Figure 9B, P < 0.05). In contrast, S-GO failed to activate TLR4 signaling to 

induce TNF-α expression (Figure 9B). Taken together, these data demonstrated the crucial 

role of TLRs in sensing GO, and L-GO had a higher potential to activate TLR4 and 

subsequent pro-inflammatory effects than S-GO.

S-GO and L-GO Differentially Activated NF-κB Signaling

NF-κB signaling is mainly involved in TLR-activated gene expression that leads to 

macrophagic inflammation68 Upon TLR activation, IκB is phosphorylated and then 

subjected to ubiquitin-dependent proteasomal degradation, which promotes p65/RelA 

translocation from the cytoplasm into the nucleus, leading to enhanced transcription of 

targeted genes (Figure 9C)69–71 In agreement with the above results, we found that GO 

could activate the NF-κB signaling pathway, as manifested by the reduction of IκB 

concentration in the cytosol and the increase of p65/RelA concentration in the nucleus 

compared to untreated cells (Figure 9D). Moreover, the L-GO showed stronger effects on the 

NF-κB pathway than S-GO (Figure 9D). To further clarify the contribution of NF-κB 

signaling to GO-conducted inflammation, a specific NF-κB inhibitor, pyrrolidine 

dithiocarbamate (PDTC, as illustrated in Figure 9C), was used to pretreat cells before GO 

exposure. As shown in Figure 9E, PDTC pretreatment significantly inhibited the induction 

of TNF-α expression by more than 50% for cells treated with S-GO or L-GO (P < 0.05). 

These data confirmed the crucial role of NF-κB signaling in the pro-inflammatory effects 

induced by GO. These data also reinforced the finding that L-GO, compared to S-GO, tends 

to adsorb plasma membrane with less cellular uptake, which enables greater activation of 

TLRs and NF-κB pathways to promote pro-inflammatory responses.

Additionally, reactive oxygen species (ROS) generation and oxidative stress have been 

shown to play an important role in stimulating the inflammatory responses (e.g, enhanced 

secretion of inflammatory cytokines) through activation of NF-κB signaling.72 Thus, ROS 

generation was also measured after GO treatment of macrophages. As shown in 

Supplementary Figure 10 and Figure 10A–C, both S-GO and L-GO could induce ROS 

production; however, there were no significant differences between them in acellular and 

cellular systems (P > 0.05). In addition to the effects on macrophages, the role of GO-

induced oxidative stress in cytotoxicty was further verified in a variety of non-phagocytic 

cells, including mouse erythroleukemia (MEL) cells, human T-cell lymphoma (HUT102) 

cells, human Burkitt’s lymphoma (RAMOS) cells and human liver carcinoma (HepG2) cells 

(Figure 10D). These results indicated that GO-induced ROS generation and oxidative stress 

are a general mechanism for cytotoxicity and pro-inflammatory effects for many cell types, 
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which is important for GO hazard analysis in vitro and in vivo. It is worth noting that ROS 

greatly contribute to modulating various cellular processes including cell death and pro-

inflammatory responses.73,74 Although the detailed role of oxidative stress in GO-induced 

cytotoxicity and activation of inflammatory responses in macrophages is still not clear, our 

presented data suggest that the differential effects between S-GO and L-GO are likely due to 

the different localities or sites of ROS generation, devoid of significant difference in global 

ROS production.75 For example, while S-GO is mostly taken up into the phagosomes to 

induce oxidative stress inside cells, L-GO on the cell surface may lead to membrane 

peroxidation in addition to oxidative stress inside cells. Further studies are thus warranted to 

clarify the role of ROS in these intertwined signaling pathways at different sites (such as on 

the membrane and inside cells) in response to different sized GO.

DISCUSSION

In this study, we compared the effects on M1 macrophage induction and pro-inflammation 

by GO with different lateral sizes in vitro and in vivo. We demonstrated that differently sized 

GO could cause differential pro-inflammatory effects in vitro and in vivo. We also 

determined the molecular mechanism underlying GO-induced inflammation. We found that, 

in comparison to its smaller counterpart, larger GO showed a stronger association with the 

plasma membrane, resulting in enhanced interaction with TLRs (e.g., TLR4), which induces 

M1 polarization and triggers NF-κB activation to produce pro-inflammatory cytokines in 
vitro and inflammatory responses in vivo after GO administration into the abdominal cavity, 

lung, or bloodstream through the tail vein.

The major finding of this study is the delineation of the size-dependent M1 macrophage 

polarization and pro-inflammatory effects for GO and the detailed mechanisms of GO-

induced macrophage activation. Although previous work on GO has shown that differently 

sized GO induced differential cytotoxicity and pro-fibrogenic effects in vitro and in vivo,76 it 

is uncertain what physicochemical properties play a major role because these characteristics 

are often interconnected including surface oxidation states, surface reactivity, and lateral 

sizes. We circumvented this problem by preparing the GO samples with different lateral 

sizes from the same starting material. Comprehensive material characterizations proved that 

physi-cochemical properties of these GO sheets remained the same except for their lateral 

sizes. Using these well-prepared materials, we determined the detailed mechanisms behind 

the lateral-size-dependent pro-inflammatory effects of GO in vitro and in vivo. Although a 

few reports discussed the size-associated cellular responses of GO in macrophages,10,11 the 

interaction between GO and the plasma membrane, cellular uptake, macrophage activation, 

and associated signaling transduction pathways remains unclear. We found that the 

mechanism involves lateral-size-dependent interaction between GO and TLRs on the plasma 

membrane and subsequent triggering of downstream NF-κB signaling pathways. While S-

GO was more readily taken up by the cells, L-GO was inclined to associate with the cell 

membrane. This implies that the mechanism responsible for the differential cellular uptake 

behavior for both forms of GO could be different. There are reports indicating that particle 

shape and orientation play a key role in particle phagocytosis by macrophages.77,78 For 

example, disk-shaped particles are readily phagocytosed by macro-phages along their long 

axis when the particles first perpendicularly attach to the plasma membrane.77,78 However, 
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when their flat side has contact with the plasma membrane, the number of contact points 

with the membrane increases and particles will induce significant spreading of the cells 

without triggering phagocytosis.77,78 Similarly, we postulate that this mechanism also 

applies for L-GO, which showed greater association with the plasma membrane on the flat 

side without being phagocytosed (Figure 6B). By contrast, for S-GO sheets, although they 

also have contact with the membrane by their flat side, the spreading of the cells is not 

substantial enough to inhibit the phagocytosis. As a result, the particles are still ingested 

without membrane association being shown (Figure 6B). Thus, we hypothesized that there is 

possibly a threshold for the GO lateral size that governs the occurrence of phagocytosis, 

namely, a counterbalance between membrane spreading and cellular uptake; however, 

further detailed investigation is needed, and other parameters, such as bending rigidity and 

stiffness of the GO may also need to be taken into account. It is worth noting that GO, as a 

2-D material with one-atom thickness, could also drive spontaneous membrane penetration 

at edges or corner sites.79 Local piercing through these sharp protrusions decreases the 

energy barrier and facilitates the cellular uptake of GO.79 To this end, S-GO could more 

readily pass through the membrane than L-GO, due to less energy needed.

Stimulation of TLRs (particularly TLR4) preferentially skews macrophage function toward 

the M1phenotype predominantly through activation of the NF-κB path-way.80 The M1 

phenotype is characterized by feature alterations to macrophages, such as enhanced 

expression of pro-inflammatory cytokines, increased production of reactive nitrogen, and 

promotion of the Th1 response.81 However, excessive or prolonged M1 polarization is 

harmful for the organism due to tissue injury and pathogenesis by overproduction of pro-

inflammatory mediators.82 Here, we demonstrated that larger GO could significantly 

activate TLRs (e.g., TLR4) to promote macrophage M1 polarization through canonical NF-

κB signaling, leading to enhanced pro-inflammatory responses. Although the detailed 

mechanism on how GO activates TLRs is still unclear, it may involve prolonged membrane 

association that allows multivalent interactions between the functionalized surface and TLRs 

on the cell membrane. Together, our data uncover an unrecognized toxicity mechanism for 

larger GO by promoting macrophage M1 polarization. These findings therefore suggest that 

the lateral size has to be taken into account for hazard assessment or biological/medical 

applications for GO and even other types of 2-D nanomaterials.

Another important finding of this work is that GO materials generated significant pro-

inflammatory effects in mice via different exposure routes, including ip, it, and iv exposure. 

Lung was chosen because inhalation is the most common route for exposure to nano-

materials that become airborne, and the abdominal cavity has been used as a surrogate for 

the mesothelial lining of the chest cavity.35 Meanwhile, iv exposure is a common route for 

administering medicine, and GO in fact is being developed for drug/gene delivery and 

bioimaging purposes.3,4 Through all these exposure routes, we found that L-GO induced 

more potent inflammation to animals than S-GO. However, the mechanism responsible for 

the pro-inflammatory effects of these exposure routes may be different. For ip and it 
delivery, macrophages in peritoneal and lung play a major role, which involves induction of 

macro-phage polarization into M1 subtype. For iv injection, this may involve monocytes/

macrophages or other immune cells in distal tissues that have GO exposure; however, the 

detailed mechanism is still unknown, and further work is needed to clarify the mechanism. 
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Despite the differences in delivery routes, we consistently showed that GO could induce 

inflammatory responses locally as well as systemically. In addition, our data suggest that it 

may be possible to modulate the inflammatory responses through controlling the lateral size 

to make GO safer, e.g., by making GO even smaller while maintaining the desirable 

properties for use. This finding is important for considering future biological applications of 

GO.

CONCLUSIONS

We here demonstrated the lateral-size-dependent pro-inflammatory effects of GO in vitro 
and in vivo. The molecular mechanism of these effects involved a size-dependent interaction 

between GO and the plasma membrane. L-GO was prone to plasma membrane adsorption to 

activate the TLRs and NF-κB pathways, whereas S-GO was mostly taken up by 

macrophages. M1 polarization was a fundamental phenotype change to macrophages upon 

GO treatment, which enhances pro-inflammatory cytokine production and promotes 

recruitment of immune cells. We found that M1 induction by GO was dependent on its 

lateral size. Our study therefore indicates that fine-tuning of the lateral size of GO could be a 

safer design approach to increase its biocompatibility for biomedical applications.

Methods And Experimental Section

GO Preparation and Physiochemical Characterization

GO was produced from Asbury Mills 3061 grade graphite with a modified Hummer’s 

method.83 After oxidation, samples were washed, filtrated, and then centrifuged three times. 

Thereafter, dry GO powder was collected by freeze-drying. The concentration of GO 

solution was adjusted to 1 mg/mL with sterile water, followed by bath sonicator for 3 h with 

a 100 Hz, 200 W ultrasonic cleaner (KunShan, JiangSu, China) and with water changing 

every hour. To remove those not fully exfoliated into single-atom thick sheets, the samples 

were then centrifuged for 15 min at 2000g (multispeed centrifugation, Thermo, CL31R, 

Waltham, MA, USA), and the supernatant was collected. This procedure was repeated twice. 

The as-prepared GO samples were named larger-sized GO samples (L-GO). Afterward, L-

GO was used as the substrate for the preparation of intermediate-sized GO (i.e., I-GO) and 

smaller-sized GO (namely, S-GO). S-GO and I-GO were prepared through probe sonication 

(ultrasonic cell disrupter, Sciencet Z. JY G2-HNNingbo, China) with cycles of 15 s work 

and 15 s rest with an ultrasonic power of 65 W (50% amplitude) in ice for 2 min (I-GO) and 

15 min (S-GO). For GO mass quantification, the gradient dilution method was used to 

prepare a standard curve using ultraviolet spectrophotometry (Shimadzu, UV-3600, Kyoto, 

Japan).

Morphology of the GO samples was visualized by atomic force microscopy (Bruker, MM3D 

Germany) and transmission electron microscopy (Hitachi, H7650, Japan). Surface charge of 

the samples, either suspended in Milli-Q water or in cell culture medium, was analyzed by a 

Zeta-sizer (Malvern Nano ZS, Malvern, UK). An ultraviolet–visible spectrophotometer 

(Shimadzu) was used to measure the UV-vis absorption spectrum from 190 to 800 nm for 

GO samples at 10 µg/mL. The FTIR spectrum was applied to identify the presence of 

functional groups on the surface of GO samples. The spectrum was taken from 4000 to 400 
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cm−1 on an FTIR (Spectrum One, PerkinElmer Instruments Co. Ltd., USA). Additionally, 

GO samples were deposited onto silicon wafers, followed by air-drying, and then the air-

dried silicon wafers were subjected to XPS. GO samples were also assessed by confocal 

micro-Raman spectroscopy, as previously reported.84

Preparation of FITC-BSA-Conjugated GO

GO was labeled with FITC-BSA following an established method.85 Briefly, 1 mg of FITC-

labeled BSA powder (five FITC per BSA) (Bioss Inc., Beijing, China) was dissolved in 1 

mL of sterile water. GO samples and FITC-BSA solution were mixed with a mass ratio of 

1:1 by gentle pipeting, followed by incubation at 37 °C with protection from light overnight. 

Thereafter, mixed solutions were centrifuged at 16000g, 4 °C for 30 min. Afterward, the 

supernatant with free FITC-BSA was aspirated, and the pallets were then washed with cold 

PBS. This procedure was repeated three times. Finally, the collected pellets were 

resuspended in sterile water, and the concentration of FITC-BSA-conjugated GO was 

determined through an ultraviolet spectrophotometer.

Cell Culture

Mouse macrophage cell line J774A.1, human macrophage cell line THP-1, human embryo 

kidney cell line HEK293, mouse erythroleukemia (MEL) cells, human T-cell lymphoma 

(HUT102) cells, human Burkitt’s lymphoma (RAMOS) cells, and human liver carcinoma 

(HepG2) cells were purchased from the Shanghai Cell Bank of Type Culture Collection of 

the Chinese Academy of Sciences. Cells were individually cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) or RMPI 1640 (Hyclone), supplemented with 10% fetal bovine 

serum (FBS, Gibco) and 100 U/mL penicillin/streptomycin (Gibco). The HEK293/

TLR4/MD2/CD14 (with the abbreviation HEK293-TLR4) cell line, originally derived from 

InvivoGen Inc. (San Diego, CA, USA), was generously provided by Dr. Shitao Li at Harvard 

Medical School.66 HEK293-TLR4 cells were cultured in DMEM (Sigma-Aldrich) with 10% 

FBS, 100 units/mL of penicillin G, and 100 µg/mL of streptomycin.

FACS Analysis of Cell Populations

To clarify the nature of re-cruited cells in the abdominal cavity or lung, harvested cells were 

stained with antibodies (Abs): FITC-Conjugated anti-mouse CD45, PerCP-conjugated anti-

mouse CD54, APC-Conjugated anti-mouse CD11b, PE-conjugated anti-mouse F4/80, or 

PE-conjugated anti-mouse Gr1. TruStain fcX (anti-mouse CD16/32) was used to block Fc 

receptors on cells. FITC-Conjugated rat IgG2b, APC-Conjugated rat IgG2b, PE-conjugated 

rat IgG2b, or PerCP-conjugated rat IgG2b were individually used as the isotype control in 

immunofluorescent staining. These Abs were purchased from BioLegend Inc. (San Diego, 

CA, USA). FACS analysis was performed on a BD FACSCalibur platform (BD 

Biosciences), according to standard protocols as previously described.86

Pretreatment of Inhibitors against TLRs or NF-κB Signaling

Regarding inhibition of TLR signaling, J774A.1 cells were pretreated for 6 h with the 

following inhibitors: OXPAPC (30 µg/mL; InvivoGen) to block the signaling of TLR2 and 

TLR4; CLI-095 (1 µg/mL; InvivoGen) to repress the signaling mediated by the intracellular 
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domain of TLR4; ODN2088 (TLR9 antagonist) (10 µM; InvivoGen) to disrupt the 

colocalization of unmethylated CpG oligonucleotide (ODN) with TLR9 in endosomal 

vesicles; and ST2825 (5 µM; MedChemexpress Inc., Princeton, NJ, USA) to inhibit MyD88 

dimerization and thus prevent the recruitment of IRAK1 and IRAK4 by MyD88. Cells were 

thereafter treated with 20 µg/mL GO for 24 h. In terms of inhibition of the NF-κB signaling, 

an NF-κB selective inhibitor, PDTC (Sigma), at a concentration of 20 µM was used to 

pretreat cells for 1.5 h prior to GO exposure.

Cell Viability Assay

To examine cell viability, cells were first seeded at a density of 0.8 × 104/well in 96-well 

plates (Corning Inc., NY, USA) at 37 °C overnight. Thereafter, cells were treated with GO. 

After 24 h incubation, cell viability was assayed with a live/dead viability/cytotoxicity kit 

following the instructions from the manufacturer (Invitrogen, Thermo Fisher Scientific Inc., 

USA).

Western Blotting

Post-treatment, cells were collected and washed with cold PBS. Cells were then lysed using 

the RIPA lysate buffer (Solarbio Inc., Beijing, China) containing protease inhibitor cocktail 

(Roche Inc., Switzerland). The concentrations of protein extracts were analyzed with the 

Lowery method (Solarbio). The same amount of proteins was subjected to 10% SDS-PAGE 

(Bio-Rad Inc., CA, USA) and then transferred onto nitrocellulose membranes. Western blot 

analysis was thus preformed, as described previously.87 For the assay of the translocation of 

p65 into the nucleus, the nuclear proportion was separately collected with a nucleoprotein 

extraction kit (Solarbio). The Abs were anti-mouse p65 (1:1000, Bioss), anti-mouse IκBα 
(1:200, Bioss), anti-mouse TLR4 (1:200, Santa Cruz Biotechnology Inc.), anti-mouse 

GAPDH (1:1000, Zhong Shan Jin Qiao, Inc., China), and anti-mouse PARP (1:200, Bioss). 

GAPDH was used a loading control of total proteins, and poly(ADP-ribose) polymerase 

(PARP) was applied as a loading control for nuclear proteins.

qRT-PCR Analysis

Total RNAs were extracted from cells using Trizol according to the manufacturer’s 

instruction (Invitrogen). The mRNA levels for genes including IL-6, IL-1β, and TNF-α were 

determined using SYBR Green qPCR mix (Promega Inc., USA) on an Mx3005P qRT-PCR 

instrument (Bio-Rad). Primers for PCR reactions are listed in Supplementary Table 1.

Intracellular Characterization of GO by Confocal Micro-Raman Spectroscopy

To characterize intracellular GO, confocal micro-Raman spectroscopy was performed. Cells 

were gently washed with PBS after GO treatment. After fixing with 2.5% glutaraldehyde, 

cells were excited with a 633 nm laser. Raman mapping was recorded on a 36 × 36 µm2 area 

with a step size of 1 µm and acquisition time of 3 s under 10% power. The mapping images 

were obtained by collecting the Raman spectrum at each spot. The Raman mapping was also 

merged with its corresponding bright-field morphological image.
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GO Tracking and Uptake Assessment through Confocal Laser Scanning Microscopy and 
FACS

To track GO localization and internalization, cells were exposed to FITC-BSA-labeled GO. 

After treatment for the indicted time, cells were washed with prewarmed PBS (at 37 °C) 

three times to remove GO stuck to the culture dish and loosely clinging to cells. Cells were 

then fixed with 3.7% paraformaldehyde in PBS for 10 min at room temperature, followed by 

incubation in PBS with 0.1% Triton X-100 and 1% BSA for 5 min. Cell nuclei were stained 

with DAPI (blue), and the plasma membrane was concomitantly stained with rhodamine-

phalloidin (red). Fluorescent images were captured through confocal laser scanning 

microscopy on a TCS SP5 CLSM (Leica). Additionally, based on the established method for 

cellular uptake detection of carbon nanotubes,56 cellular uptake of GO was determined 

through FACS analysis by assessing SSC values of cells upon treatment with non-FITC-

labeled GO.

Macrophage Polarization Assessment through FACS

After treat-ment with 20 µg/mL S-GO or L-GO for 24 h, cells were collected and fixed with 

the cell fixative (Beyotime Inc., Beijing, China) for 15 min at room temperature. After 

washing with PBS three times, cells were permeabilized with 0.05% Triton 100 in PBS for 5 

min and were then washed three times, followed by blocking with 0.5% BSA in PBS for 15 

min at 4 °C. Cells were subsequently incubated with APC-Conjugated anti-mouse Arg1 

(Bioss) Ab or PE-conjugated anti-mouse iNOS (Bioss) Ab for 30 min and were washed 

three times prior to FACS analysis. APC-Conjugated rat IgG2b or PE-conjugated rat IgG2b 

were accordingly used as the isotype control.

Animal Experiments

All animal care and experimental procedures were approved by the Animal Ethics 

Committee at the Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. BALB/c male mice (7 weeks old and with a body weight of about 20 g) were 

purchased from the Vital River Laboratory Animal Technology Co. Ltd., Beijing, China. To 

study inflammatory responses, mice were administrated with GO into the peritoneal cavity, 

lung, or bloodstream. For the ip administration of GO, GO was administrated at 5000 µg/Kg 

body weight divided by two injections in 3 days. When mice were sacrificed, the abdominal 

cavities were washed with cold PBS according to a previous report.35 The harvested lavages 

from the peritoneal cavities were subjected to RBC lysis with RBC lysate buffer (Solarbio), 

followed by cell number counting, FACS analysis, total protein assay, and inflammatory 

cytokine assessment by ELISA. Blood was also collected for the determination of 

inflammatory cytokines in sera.

Lung exposure was carried out following the it method, as previously described.56 In brief, 

anesthetized mice were instilled at the position of the back tongue with GO at a dose of 2500 

µg/kg body weight. Mice were sacrificed 72 h post-GO administration, and bronchoalveolar 

lavage was harvested for cell number counting, total protein assay, FACS analysis, and 

inflammatory cytokine assessment, similar to the experiments with abdominal cavities. 

Regarding intratail vein injection, 5000 µg/kg body weight S-GO or L-GO was 
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administrated. After 24 h treatment, mice were sacrificed and blood was collected for 

assessment of inflammatory cytokines in sera. The control group received saline only.

Cytokine Determination

The concentration of cytokines including IL-6, IL-1β,and TNF-α was determined in culture 

media, sera, lavages from peritoneal cavities, and BAL fluid with ELISA kits according to 

the manufacturer’s instructions (R&D Systems).

ROS and MitoSox Assays

For ROS measurement, cells were cultured in 96-well plates and preincubated with 10 µ M 

dichlor-ofluorescein-diacetate (DCF-DA, Sigma) for 30 min. Thereafter, cells were washed 

with PBS and subsequently treated with GO. At 0.5, 1, and 3 h post-GO treatment, DCF 

fluorescence was recorded at 525 nm using an excitation wavelength of 488 nm on a plate 

reader, as previously described.8 Meanwhile, to assess the production of ROS for longer 

time, such as 12 and 24 h post-GO exposure, DCF probes were loaded into cells after GO 

treatment at the time points for detection, followed by FACS analysis as described.8 

MitoSox Red assay was carried to assess mitochondrial superoxide production of GO-

treated cells following a standard protocol from the manufacturer (Molecular Probes, 

Invitrogen).

Statistical Analysis

An independent t test or one-way ANOVA test was applied to analyze the experimental data. 

Data are shown as the mean ± SE. Statistical significance was determined with a P value of 

less than 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Morphological characterization of GO samples. (A) Representative AFM topography of S-

GO, I-GO, and L-GO. (B) Histogram of GO size distribution. The histograms were 

developed by counting 280–300 sheets for each sample, with Gaussian fit curves shown in 

each histogram. (C) TEM images of S-GO, I-GO, and L-GO. (D) Analysis of the height of 

S-GO, I-GO, and L-GO through AFM.
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Figure 2. 
Physicochemical characterization of GO samples. (A) Zeta potential of S-GO, I-GO, and L-

GO in water and in cell culture medium (n = 3). (B) Raman spectrum and curve fitting of D 

band and G band. The average ratio of ID/IG is shown in the lower panel (n = 9). (C) 

Identification of functional groups on the GO surface by FTIR spectrum (range: 4000–400 

cm−1). (D) Characterization of surface composition of GO samples by XPS. (E) Quantified 

data for the portions of functional groups (range: 0–1.0, n = 3).
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Figure 3. 
GO induced macrophage activation in a size-dependent manner. (A, B) Protein 

concentrations of TNF-α and IL-6 secreted in cell culture medium. After GO treatment at 20 

µg/mL for 24 h, (A) TNF-α and (B) IL-6 in culture medium were assayed through ELISA (n 
= 6). (C–N) After GO administration in mice, the peritoneal lavages and peripheral blood 

were collected; (C) content of total exudation proteins collected from the peritoneal cavities; 

concentrations of (D) TNF-α and (E) IL-6 in the total exudation proteins; levels of (F) IL-6 

and (G) TNF-α in sera; (H) number of collected cells in peritoneal lavages with exclusion of 
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RBCs; (I) selection of CD45+CD54+ cells for further analysis; (J) number of CD45+CD54+ 

cells in peritoneal lavages; (K) percentages of CD11b+ subpopulation of CD45+CD54+ cells; 

data were acquired from 20 000 cells per sample; (L) number of CD11b+ subpopulation of 

CD45+CD54+ cells; (M) total number of CD11b+ F4/80+ subpopulation of CD45+CD54+ 

cells; (N) total number of CD11b+Gr1+ subpopulation among CD45+CD54+ cells. There 

were 6 mice per group (n = 6). ND: not detectable.
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Figure 4. 
L-GO induced enhanced inflammation in the lung. After GO administration into mouse 

lungs, the BAL fluid and peripheral blood were collected. (A) Content of total proteins in 

BAL fluid. (B) Concentrations of IL-6 in BAL fluid. (C) Number of collected cells in BAL 

fluid with exclusion of RBCs. (D) Number of CD45+CD54+ cells in BAL with exclusion of 

RBCs. (E) Number of CD11b+ subpopulation of CD45+CD54+ cells. (F) Number of 

CD11b+F4/80+ subpopulation of CD45+CD54+ cells. (G) Number of CD11b+Gr1+ 
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subpopulation among CD45+CD54+ cells. (H) Levels of IL-6 in sera. There were 6 mice per 

group (n = 6). ND: not detectable.
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Figure 5. 
GO induced macrophages to polarize to M1 subtype in a size-dependent manner. (A) 

Representative histograms showing the numbers of M2 (Arg1+) and M1 (iNOS+) cells. 

J774.A1 cells were treated with S-GO or L-GO at 20 µg/mL for 24 h, followed by FACS 

analysis of Arg1+ or iNOS+ cells. Data were acquired from 20 000 cells per sample. (B) 

Percentages of iNOS+ cells (n = 5). (C) Relative iNOS level in J774.A1 cells upon exposure 

to S-GO or L-GO at 20 µg/mL for 24 h. HPRT1 was used as control for normalization. (D) 

Ma et al. Page 28

ACS Nano. Author manuscript; available in PMC 2017 July 24.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Total numbers of iNOS+ cells of selected CD45+CD54+ subpopulation from the abdominal 

cavities of mice upon GO administration, as described in Figure 3.
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Figure 6. 
Cellular tracking of GO in J774A.1 cells. (A) Raman mapping spectrum of J774.A1 cells 

after exposure to 20 µg/mL S-GO and L-GO for 6 h. The red area represents a typical GO 

signal. A specific Raman spectrum was acquired from 3 target points. Point 1 (in black) 

represents the site with the highest intensity of Raman signal. Point 2 (in red) was randomly 

chosen within the cytosolic area, whereas point 3 (in blue) was selected outside the cell. (B) 

TEM images of J774.A1 cells after exposure to 20 µg/mL S-GO or L-GO for 6 h. Red 
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arrows indicate GO sheets within the cytosol. Blue arrows denote GO sheets on the plasma 

membrane. TEM images for untreated cells are also shown.
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Figure 7. 
Size-dependent adsorption and internalization of GO in J774A.1 cells. (A) Visualization of 

GO tracking at different time points. FITC-BSA-labeled GO post-treatment is visualized in 

green through confocal laser scanning microscopy. The cell membrane is stained in red with 

rhodamine-phalloidin, and cell nuclei are stained in blue with DAPI. Enlarged images in the 

right panel are representative of untreated cells and FITC-BSA-labeled S-GO-treated cells 

for 6 h. (B) Percentage of SSC values for GO-treated cells at 20 µg/mL over the time course 

relative to untreated cells. SSC values were determined by FACS analysis (n = 5).
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Figure 8. 
Membrane TLRs sense GO to trigger macrophagic inflammatory responses. (A) Schematic 

for the location of TLRs and the action sites of inhibitors. (B) TNF-α level in J774.A1 cells 

upon 20 µg/mL L-GO treatment for 24 h with or without pretreatment with different TLR 

inhibitors. (C) Western blot analysis of TLR4 concentration on the membrane after treatment 

with 20 µg/mL S-GO or L-GO for 12 and 24 h. (D) TNF-α level in J774.A1 cells upon S-

GO or L-GO for 24 h with or without pretreatment with the TLR4 inhibitor (CLI095, 1 µg/
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mL). There were 6 replicates in each group (n = 6). Asterisk (*) means P < 0.05. ND: not 

detectable.
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Figure 9. 
Differential activation of NF-κB signaling in response to GO size. (A) TNF-α expression in 

HEK293 cells and HEK293-TLR4 cells in response to LPS (1 µg/mL) for 12 h (n = 4). (B) 

TNF-α level in HEK293-TLR4 cells upon treatment with 40 µg/mL S-GO or L-GO for 24 h 

(n = 4). (C) Schematic diagram of NF-κB signaling and the action site of a NF-κB selective 

inhibitor, PDTC. (D) Western blotting results of IκBα concentration in total cellular proteins 

and p65 concentration in nuclear portion from J774.A1 cells treated with 20 µg/mL S-GO or 
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L-GO for 24 h. (E) TNF-α level in J774.A1 cells treated with S-GO or L-GO at 20 µg/mL 

for 24 h with or without pretreatment with PDTC at 20 µM (n = 6).

Ma et al. Page 36

ACS Nano. Author manuscript; available in PMC 2017 July 24.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 10. 
Oxidative stress in response to different GO samples. (A) Intracellular ROS production in 

J774.A1 cells upon 20 µg/mL S-GO or L-GO at 0.5, 1, and 3 h. (B) FACS analysis of DCF 

fluorescence reflecting intracellular ROS generation in response to 20 µg/mL S-GO or L-GO 

for 12 and 24 h. (C) FACS analysis of MitoSox fluorescence in J774.A1 cells upon 20 

µg/mL S-GO or L-GO for 24 h. Data were acquired from 20 000 cells per sample. 

Quantified data for MitoSox+ cells were shown in the inset. There were 5 replicates in each 

group (n = 5). (D) Cell viability and ROS production upon GO. Cell viability of various 
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types of nonphagocytic cells upon S-GO and L-GO at 20 µg/mL for 24 h through the live/

dead viability/cytotoxicity assay (n = 6). ROS production was determined through FACS 

analysis of DCF fluorescence in cells upon 20 µg/mL S-GO or L-GO for 24 h (n = 5). 

Quantitative data show relative changes compared to untreated control.
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