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Carbon-based materials have been widely used in the biomedical fields including drug delivery 

and cancer therapies. In this paper, a recently synthesized three-dimensional nanographene 

(NG) based on triptycene self-assembles into nanoparticles which selectively kill human 

hepatocellular carcinoma HepG2 cells as compared to human normal liver HL7702 cells. 

Obvious differences in cellular accumulation, endocytic pathway and intracellular trafficking 

of NG nanoparticles are observed in HepG2 cells and HL7702 cells. Further studies reveal that 

NG nanoparticles significantly increase the levels of reactive oxygen species (ROS) in HepG2 

cells, but not in HL7702 cells. NG nanoparticles-induced ROS result in apoptosis induction 

and the decrease in mitochondrial membrane potential in HepG2 cells. Moreover, IKK/nuclear 

factor-кB (NF-κB) signaling is found to be activated by NG nanoparticles-induced ROS and 

serves to antagonize NG nanoparticles-induced apoptosis in HepG2 cells. Our studies show 

that the distinct behaviors of cellular uptake and ROS-mediated cytotoxicity are responsible for 

the selective killing of HepG2 cells. This study provides a foundation for understanding the 

mechanism on selective induction of apoptosis in cancer cells by NG nanoparticles and 

designing more effective chemotherapeutical agents. 

 

Introduction 

Cancer is a leading cause of death worldwide. The inability of 

chemotherapeutics to effectively differentiate between cancer 

cells and normal cells which results in systemic toxicity might 

be one of the major problems affecting chemotherapy failure.1 

Therefore, the development of new anticancer drugs which 

better target cancer cells while sparing normal cells is urgently 

required.2 Nanotechnology-based therapeutics have exhibited 

the great advantages compared with free drugs, including 

improved retention, efficacy and safety.3-5 For example, 

nanosized therapeutic agents passively accumulate at tumor 

tissues by enhanced permeability and retention (EPR) effect. In 

addition, nanoparticles can be conjugated with a specific ligand 

capable of specifically binding receptors that are overexpressed 

in cancer cells to increase therapeutic efficiency.6,7 Recently, 

some nanoparticles have been reported to selectively induce 

apoptosis in tumor cells by initiating the accumulation of 

intracellular reactive oxygen species (ROS)8-11 or nanoparticles 

could synergize with ROS-generating drugs for improved 

cancer therapy by increasing the intracellular ROS.12 

Carbon-based materials, typically zero-dimensional 

fullerenes, one-dimensional nanotubes and two-dimensional 

graphene are receiving attention due to their unique electronic, 

thermal, mechanical and optical properties.13,14 Among them, 

graphene represents one of the most promising carbon materials 

and has been widely used in the biomedical fields including 

drug delivery, cancer therapies and biosensing.15,16 Recently a 

novel kind of three-dimensional nanographene (NG) based on 

triptycene (the structure was shown in Fig. 1A) was synthesized 

by our group.17,18 In this molecule, three hexa-peri-

hexabenzocoronenes units (HBCs) were arrayed in the three-

dimensional triptycene scaffold with a well-defined spatial 

separation, which reduced the face-to-face interaction between 

π-planes and facilitated the solubilization of HBCs in organic 

solvents. Our previous work showed that pluronic F68-coated 

three-dimensional NG nanoparticles could be used as a 

fluorescent agent for in vitro and in vivo fluorescence 

imaging.17 However the potential effects of three-dimensional 

NG nanoparticles on biological systems, including their cellular 

uptake and intracellular trafficking, cytotoxicity and 

biocompatibility, the interaction between NG nanoparticles and 

biological molecules remain to be elucidated.  

In the present study, NG nanoparticles were constructed by 

evaporation-induced self-assembly method and the effects of 

NG nanoparticles on the cytotoxicity in carcinoma cells 
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(including human hepatocellular carcinoma HepG2 cells, 

human ovarian cancer A2780 cells, human cervical cancer 

HeLa cells and the paclitaxel-resistant A2780 cells) and normal 

cells (including human normal liver HL7702 cells and human 

endothelial ECV304 cells) were determined. The potential 

mechanism of NG nanoparticles-induced toxicity in a cell-

specific manner was further explored by examining their uptake 

and intracellular localization, the induction of ROS and ROS-

related signaling pathway in HepG2 cells and HL7702 cells.   

Results 

Characterization of NG nanoparticles   

To achieve water solubilization of NG based on triptycene, NG 

nanoparticles were constructed by evaporation-induced self-

assembly method. The mean hydrodynamic diameter of NG 

nanoparticles measured by dynamic light scattering was about 

168 nm (Fig. 1B) with a polydispersity of 0.019. TEM imaging 

showed that NG nanoparticles were monodisperse and spherical 

with a size distribution of 50-80 nm (Fig. 1C). The UV 

spectrum of NG nanoparticles displayed the maximal 

absorption peak at 364 nm. Excitation of the nanoparticles in 

water at 364 nm resulted in a fluorescence emission at 475 nm, 

504 nm and 556 nm (Fig. 1D). The intrinsic fluorescence of NG 

nanoparticles provides a convenient means to observe and 

quantify their intracellular trafficking. 

Selective killing of cancer cells by NG nanoparticles  

To determine the potential biological application of NG 

nanoparticles, the effects of NG nanoparticles on the viability 

of human hepatocellular carcinoma HepG2 cells and human 

normal liver HL7702 cells were determined. After 24 h 

treatment with NG nanoparticles, the morphology of HepG2 

cells changed from spindle shapes to shrunken shapes. In 

contrast, HL7702 cells maintained their polygon shapes (Fig. 

S1), implying that NG nanoparticles might induce more 

cytotoxicity in HepG2 cells than in HL7702 cells. Furthermore, 

the cell viability induced by NG nanoparticles was evaluated by  

3-(4,5-dimethyl-2-thiazolyl)-2,5-Diphenyltetrazolium bromide 

(MTT) assay. As shown in Fig. 2A, NG nanoparticles induced 

cytotoxicity in a dose- and time-dependent manner. Exposure to 

10 µg/ml NG nanoparticles for 24 h and 48 h strongly inhibited 

the cell viability of HepG2 cells, reducing cell survival to 

around 26% and 6%, respectively. However 75% of HL7702 

cells still survived even after treatment with 10 µg/ml NG 

nanoparticles for 48 h.  NG nanoparticles at these doses also 

showed a strong ability to kill other human cancer cells 

(including ovarian cancer A2780 cells, the paclitaxel-resistant 

A2780/T cells and cervical cancer HeLa cells) but not human 

endothelial ECV304 cells (Fig. S2). These results suggested 

that NG nanoparticles might have a cancer cell-selective killing 

property.  

The percentages of cell apoptosis induced by NG 

nanoparticles were further investigated in HepG2 cells and 

HL7702 cells by flow cytometric analysis using Annexin V/PI 

staining. As shown in Fig. 2B, NG nanoparticles induced cell 

apoptosis in a dose-dependent manner. The apoptotic rate of 

HepG2 cells induced by NG nanoparticles was much more than 

that of HL7702 cells, which was further confirmed by a more 

significant increase in PARP cleavage (an apoptotic marker) in 

HepG2 cells treated with NG nanoparticles (Fig. 2C).  

Clonogenic assay was performed to assess the long-term 

cytotoxicity of NG nanoparticles in HepG2 cells and HL7702 

cells. As shown in Fig. 2D, the colony forming capacity of 

HepG2 cells was significantly inhibited by NG nanoparticles 

compared with that of HL7702 cells. NG nanoparticles almost 

completely inhibited the colony forming in HepG2 cells even at 

the concentration of 0.25 µg/ml, however 67% of colonies were 

survived after treatment with NG nanoparticles at this 

concentration in HL7702 cells. 

Intracellular concentration of NG nanoparticles in HepG2 cells 

and HL7702 cells 

To investigate the possible mechanism of the differential sensitivity 

to NG nanoparticles between cancer cells and normal cells, HepG2 

cells and HL7702 cells were used. Firstly, the intracellular 

concentration of NG nanoparticles was determined by confocal 

microscope and fluorescence spectrophotometer. As shown in Fig. 

3A, the cellular accumulation of NG nanoparticles increased in a 

time-dependent manner. However the cellular accumulation of NG 

nanoparticles in HepG2 cells was significantly higher than that in 

HL7702 cells. The qualitative results from confocal microscopy 

studies were further confirmed by the quantitative results obtained 

from fluorescence spectrophotometer (Fig. 3B), suggesting that the 

differences in cytotoxicity against HepG2 cells and HL7702 cells 

might be dependent on the amount of NG nanoparticles internalized. 

Cellular uptake and intracellular trafficking of NG 

nanoparticles in HepG2 cells and HL7702 cells 

To elucidate the efficacy of nanoparticle delivery to cells, it is 

necessary to understand the mechanisms by which nanoparticles are 

internalized by cells, which will likely determine their ultimate 

intracellular localization. Therefore, the cellular uptake pathway of 

NG nanoparticles in HepG2 cells and HL7702 cells were investigate 

by using several specific endocytic inhibitors.19 As shown in Fig. 4A, 

ATP synthesis inhibitors sodium azide (NaN3)/2-deoxyglucose 

(DOG) resulted in a marked decrease in the cellular internalization 

of NG nanopaticles, indicating that the internalization of NG 

nanoparticles in HepG2 cells and HL7702 cells was an energy-

dependent endocytosis. Furthermore, chlorpromazine, an inhibitor to 

probe clathrin-mediated endocytosis significantly decreased the 

internalization of NG nanoparticles in HepG2 cells and HL7702 

cells. Cytochalasin D, a potent inhibitor of actin polymerization and 

dynasore, a small cell-permeable molecule which inhibits dynamin 

GTPase to inhibit both caveolin- and clathrin-mediated pathways as 

well as macropinocytosis also significantly reduced the cellular 

uptake of NG nanoparticles in HepG2 cells and HL7702 cells. 

However the effects of methyl-β-cyclodextrin (MβCD), a 

cholesterol-depleting agent to disrupt several lipid raft/caveolae-

mediated endocytic pathways on the cellular uptake of NG 

nanoparticles in HepG2 cells were different from that in HL7702 

cells. MβCD significantly inhibited the cellular uptake of NG 
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nanoparticles in HL7702 cells, while no inhibition in cellular uptake 

of NG nanoparticles was found in HepG2 cells pretreated with 

MβCD. The qualitative results from confocal microscopy studies 

were consistent with the quantitative results obtained from 

fluorescence spectrophotometer (Fig. 4B). These data indicated that 

both clathrin- and lipid raft/caveolae-mediated endocytic pathways 

were involved in the internalization of NG nanoparticles in HL7702 

cells, whereas clathrin-mediated endocytosis played a predominant 

role in the uptake of NG nanoparticles in HepG2 cells.  

To further determine the intracellular trafficking of NG 

nanoparticles in HepG2 cells and HL7702 cells after internalization, 

specific fluorescent dyes and plasmids for expression of green 

fluorescent protein targeted to organelles were used: 4’6-diamidino-

2-phenylindole (DAPI) to label nuclei, LysoTracker Red to label 

lysosomes, Mito-RFP as a marker for mitochondria and Golgi-RPF 

as a marker for Golgi complex.20 As shown in Fig. 5, NG 

nanoparticles were not detected in nucleus in HepG2 and HL7702 

cells. NG nanoparticles in HepG2 cells were majorly entrapped in 

the lysosomes or Golgi apparatus and partially colocalized with 

mitochondria. However NG nanoparticles almost completely 

colocalized with lysosomes and largely colocalized with Golgi 

apparatus in HL7702 cells. 

Role of ROS in NG nanoparticles-induced cytotoxicity in HepG2 

cells and HL7702 cells 

It has been suggested that oxidant generation is the common 

pathways through which anticancer drugs trigger apoptosis in cancer 

cells.21 To further explore the mechanisms on the selective killing of 

cancer cells by NG nanoparticles, the effects of NG nanoparticles on 

intracellular ROS levels in HepG2 cells and HL7702 cells were 

determined through flow cytometry using the redox-sensitive 

fluorescent probe 2’,7’-dichlorodihydrofluorescein diacetate 

(H2DCF-DA). As shown in Fig. 6A, treatment with NG 

nanoparticles for 3 h caused a marked increase in ROS levels in a 

dose-dependent manner in HepG2 cells, however very slight 

increase in ROS levels was induced by NG nanoparticles in HL7702 

cells, suggesting that ROS might be involved in NG nanoparticles-

induced cell death in HepG2 cells. To further confirm the role of 

ROS in NG nanoparticles-induced cytotoxicity in HepG2 cells, the 

effects of N-acetyl-cysteine (NAC), a powerful antioxidant and free 

radical scavenger on the NG nanoparticles-induced ROS generation 

and cytotoxicity were examined. As shown in Fig. 6B and C, co-

treatment with NAC fully reversed the NG nanoparticles-induced 

increase in ROS and apoptosis in HepG2 cells. These data suggested 

that ROS played an important role in NG nanoparticles-induced 

cytotoxicity in HepG2 cells. 

Disruptions of the mitochondrial membrane may cause electron 

leakage from the mitochondrial respiratory chain, resulting in the 

formation of ROS and the depolarization of mitochondria.22 

Therefore, the mitochondrial membrane potential of HepG2 cells 

treated with NG nanoparticles was determined by flow cytometry 

using JC-1 dye. JC-1 accumulates as aggregates in the mitochondria 

which stains red in healthy cells, whereas JC-1 exists in monomeric 

form and stains the cytosol green in apoptotic and necrotic cells.23 As 

shown in Fig. 6D, HepG2 cells treated with 10 µg/ml NG 

nanoparticles for 3 h exhibited a significant increase in the 

percentages of JC-1 monomers, however co-treatment with 5 mM 

NAC abolished the increase in the percentages of JC-1 monomers 

caused by NG nanoparticles. The data suggested that NG 

nanoparticles-induced ROS generation was directly associated with 

the mitochondria dysfunction in HepG2 cells. 

Role of IKK/NF-κB signaling in NG nanoparticles-induced 

cytotoxicity in HepG2 cells 

ROS have been implicated as intracellular signaling molecules in 

cellular processes such as proliferation, apoptosis and 

senescence.24,25 As it has been shown that ROS-mediated cell 

cytotoxicity triggers activation of NF-κB,26 we examined the status 

of NF-κB after NG nanoparticles treatment in HepG2 cells. As 

shown in Fig. 7A, NF-κB transcriptional activity was significantly 

enhanced in a dose-dependent manner in HepG2 cells treated with 

NG nanoparticles using a NF-κB luciferase reporter gene assay. Co-

treatment with NAC markedly reversed the NG nanoparticles-

induced NF-κB activation (Fig. 7B), suggesting that NG 

nanoparticles-induced ROS was involved in NF-κB activation in 

HepG2 cells. To further investigate the mechanism of NF-κB 

activation by NG nanoparticles, HepG2 cells were transiently 

transfected with wild type (WT) or dominant negative forms of 

IKKα or IKKβ protein (IKKα K44A or IKKβ-K44A) and then 

treated with NG nanoparticles. As seen in Fig. 7C and D, IKKα-WT 

or IKKβ-WT significantly increased NG nanoparticles-induced NF-

κB activation, however IKKα K44A or IKKβ K44A significantly 

decreased NG nanoparticles-induced NF-κB activation, indicating 

that NG nanoparticles-induced NF-κB activation might be regulated 

by IKKα or IKKβ. To confirm the role of IKK/NF-κB signaling in 

NG nanoparticles-induced cytotoxicity in HepG2 cells, the effects of 

knocking down NF-κB activity on NG nanoparticles-induced 

cytotoxicity was determined. Parthenolide (PN), a natural inhibitor 

of NF-κB by preventing IκB degradation,27 significantly decreased 

NG nanoparticles-induced cytotoxicity (Fig. 7E). Furthermore, 

overexpression of IKKα K44A or IKKβ K44A significantly 

enhanced the sensitivity of HepG2 cells to NG nanoparticles (Fig. 

7F). These data suggested that IKK/NF-κB signaling played an 

important role in NG nanoparticles-induced cytotoxicity and served 

to antagonize NG nanoparticles-induced apoptosis in HepG2 cells. 

Discussion 

The understanding of cellular uptake and intracellular trafficking is 

necessary for clarifying the biological activity of nanomaterials. 

Besides the size, shape and surface characteristics affect the cellular 

uptake of nanoparticles, cell type and the nature of cell membrane 

such as membrane fluidity can influence the uptake pathway of 

nanoparticle.28 In this paper, nanoparticles were constructed from a 

recently synthesized three-dimensional nanographene based on 

triptycene and found to selectively kill HepG2 cells against HL7702 

cells. Further studies revealed that both clathrin- and lipid 

raft/caveolae-mediated endocytic pathways were involved in the 

internalization of NG nanoparticles in HL7702 cells, whereas the 

most prominent endocytic pathway of NG nanoparticles in HepG2 

cells was clathrin-mediated endocytosis. The different endocytic 
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pathway in HepG2 cells and HL7702 cells might result in the 

different amount of NG nanoparticles internalized, which determined 

the difference in cytotoxicity in HepG2 cells and HL7702 cells. 

Following cellular uptake of nanoparticles, the subcellular location 

of nanoparticles also affects the therapeutic function of nanoparticles 

as well as cytotoxicity. Our work demonstrated that NG 

nanoparticles translocated to lysosomes and Golgi apparatus in 

HepG2 cells and HL7702 cells, however some NG nanoparticles 

might escape from lysosome and localized in mitochondrial in 

HepG2 cells.  

Oxidative stress has been demonstrated to be involved in various 

physiological and pathological processes, such as cancer. Cancer 

cells are usually under oxidative stress and, hence, have a relatively 

high basal level of ROS.29-31 Several anticancer drugs resulted in a 

burst of ROS over the threshold of life and death to induce cell death, 

which was the potential mechanism of action of the anticancer 

drugs.32 On the other hand, normal cells can better tolerate the 

oxidative stress because of their lower basal level of ROS and 

stronger antioxidant capacities.29-31 Therefore, several compounds 

such as phenethyl isothiocyanate (PEITC), buthionine sulphoximine 

(BSO) and piperlongumine have been found to selectively kill 

cancer cells by inducing ROS without causing significant toxicity to 

normal cells.33,34 In this study, we found that HepG2 cells had much 

higher basal ROS level compared with HL7702 cells (Fig. 5A). In 

the meanwhile, NG nanoparticles induced a significant increase in 

ROS levels in HepG2 cells but not in HL7702 cells. Furthermore, 

NAC inhibited NG nanoparticles-induced ROS, apoptosis and 

decreased mitochondrial membrane potential in HepG2 cells. 

Considering that NG nanoparticles were partially located in 

mitochondrial in HepG2 cells, NG nanoparticles might impair 

mitochondrial membrane, release ROS from mitochondrial and even 

induce apoptosis in HepG2 cells, which might be the main 

mechanism of selectively killing of HepG2 cells against HL7702 

cells. 

The cell growth and cell death could be linked to an intracellular 

ROS level which might be fluctuated in response to intracellular as 

well as extracellular signals. However, the upregulation of 

antioxidants and activation of redox-sensitive transcription factors 

mediating survival signals were usually induced to counteract 

oxidative stress as an adaptation response in cancer 

chemotherapy.35,36 The balance between these two antagonizing 

signals ultimately determined when and whether the stimulated cells 

would die. NF-κB, a redox-sensitive transcription factor, plays a 

major role in various cellular processes including inflammation, cell 

survival, apoptosis, invasion and angiogenesis.37 In most 

unstimulated cells, NF-κB dimers are retained in an inactive form in 

the cytosol through their interaction with the inhibitor of NF-κB 

(IκB) proteins. In response to a variety of stimuli, IκB kinase (IKK) 

complex consisting of two catalytic subunits (IKKα and IKKβ) and a 

regulatory subunit (IKKγ) can phosphorylate the IκB proteins, 

resulting in nuclear translocation of NF-κB and transcription 

activation of its target genes.37 Recent studies have yielded 

conflicting results about the effect of NF-κB on apoptosis.38 NF-κB 

was reported to not only activate the apoptotic machinery but also 

enhance cellular defenses and promote cell survival depending on 

the levels of the p65 and cRel subunits. In this paper, we found that 

NF-κB transcriptional activity was upregulated by NG nanoparticles-

induced ROS in HepG2 cells and IKKα/IKKβ played an important 

role in the regulation of NG nanoparticles-induced NF-κB activation. 

Furthermore we provided evidence that NF-κB signaling served to 

antagonize NG nanoparticles-induced apoptosis in HepG2 cells 

considering that NF-κB inhibitor or dominant-negative forms of IKK 

inhibited NG nanoparticles-induced apoptosis in HepG2 cells. Our 

findings indicated that NG nanoparticles resulted in elevated ROS 

production to attack cancer cells, which activated NF-κB to 

antagonize ROS-induced cytotoxicity. Therefore, codelivery of NF-

κB inhibitor and NG nanoparticles might be needed to achieve the 

better anticancer efficiency of NG nanoparticles.  

Our work showed that distinct behaviors of cellular uptake and 

ROS-mediated cytotoxicity might be responsible for the selective 

killing of cancer cells (Fig. 8). The inherent differential toxicity of 

NG nanoparticles on cancer cells raises opportunities for their 

potential use as anticancer agents. Considering that nanoparticles 

were usually passively accumulated at tumor tissues by EPR effect, 

the antitumor activity and the biodistribution of NG nanoparticles in 

vivo need to be further explored. Furthermore, the selectivity and the 

antitumor activity of NG nanoparticles might be enhanced by 

conjugating tumor targeting ligands such as monoclonal antibodies, 

peptides and small molecules to tumor-associated proteins. With the 

intrinsic fluorescence, NG nanoparticles might have the potential to 

be used as a multifunctional theranostic platform in cancer treatment. 

Experimental Section 

Materials 

MTT, H2DCF-DA, chlorpromazine, NaN3, DOG, dynasore, 

cytochalasin D, MβCD and complete protease inhibitor cocktail 

were purchased from Sigma-Aldrich (St Louis, MO, USA). 

LysoTracker Red, DAPI and NAC were purchased from 

Beyotime Institute of Biotechnology (Shanghai, China). 

Parthenolide was purchased from Qcbio Science & 

Technologies Co., Ltd (Shanghai, China). All other chemicals 

used were of analytical grade commercially available. 

Plasmid amplification 

Plasmids for FLAG-IKKα, FLAG-IKKβ, FLAG-IKKα K44A 

and FLAG-IKKβ K44A were kindly provided by Prof. 

Hongbing Shu (Wuhan University, Wuhan, China). Plasmids 

expressing Mito-RFP and Golgi-RFP were kindly provided by 

Prof. Jingyu Liu (Huazhong University of Science and 

Technology, Wuhan, China). Plasmids for 3×κB-Luc firefly 

and Renilla luciferase reporter genes were kindly provided by 

Dr. Shuai Chen (Institute of Microbiology, Chinese Academy 

of Sciences, Beijing, China). To amplify these plasmids, 

plasmids were proliferated firstly in Escherichia coli DH5a 

strain and then purified using QIAGEN plasmid purification 

kits (QIAGEN Sciences Inc, Germantown, MD, USA) 

following the manufacturer’s instructions. The plasmids 

obtained were identified by sequencing. The concentration and 

purity of plasmid preparations were determined by UV 

spectrophotometry. 
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Cell culture 

The human hepatocellular carcinoma cell line HepG2, human 

normal liver cell line HL7702 and human cervical carcinoma 

cell line HeLa were purchased from Type Culture Collection of 

the Chinese Academy of Sciences (Shanghai, China). The 

human ovarian carcinoma cell line A2780 was kindly provided 

by Dr. Ding Ma (Huazhong University of Science and 

Technology, Wuhan, China). The paclitaxel-resistant A2780 

cell line (A2780/T) was purchased from KeyGen Biotech Co. 

Ltd (Nanjing, China). The cells were cultured in DMEM 

medium except that A2780/T cells were cultured in DMEM 

medium containing 800 ng/ml paclitaxel at 37 °C in 5% CO2 in 

a humidified atmosphere. All medium contained 10% FBS 

(Gibco BRL/Life Technologies, Grand Island, NY, USA), 100 

U/ml penicillin and 100 µg/ml streptomycin. 

Preparation and characterization of NG nanoparticles 

The three-dimensional NG based on triptycene was synthesized 

as described.15 The NG nanoparticles were fabricated by 

evaporation-induced self-assembly method.39 Briefly, 1 mg NG 

was pre-dissolved in 1 ml tetrahydrofuran (THF) and added 

dropwise to 10 ml water under magnetic stirring. THF in the 

solution was then removed by rotary evaporation under reduced 

pressure at 40 °C. The hydrodynamic size of NG nanoparticles 

was determined by dynamic light scattering (DLS; ZetaSizer 

ZS90, Malvern Instruments, Malvern, UK). The morphology of 

NG nanoparticles was observed via transmission electron 

microscopy (TEM; Tecnai G2 20, FEI Corporation, Eindhoven, 

Netherlands). 

Gene transfection 

Transfections by electroporation were performed as 

described.40 Briefly, the cells were trypsinized and 1×106 cells 

were resuspended in 350 µl Opti-MEM medium. 10 µg plasmid 

DNA was diluted in 50 µl Opti-MEM medium and then added 

into the resuspended cells. The mixtures of cells and DNA were 

kept at room temperature for 5 min and then transferred into a 

4-mm cuvette. The electroporation was carried out using Gene 

Pulser II Electroporation System (Bio-Rad, Richmond, CA, 

USA). The electroporated cells were replated into 3 wells in the 

6-well plates and cultured with DMEM medium containing 

10% FBS for 24 h. Approximately 75-90% transfection 

efficiencies were routinely achieved. 

Cell cytotoxicity assay 

Cell cytotoxicity was determined using a standard MTT 

assay.41 Briefly, cells were plated in 96-well plates at a density 

of 1×103 cells/well. The cells were treated with different 

concentrations of NG nanoparticles. At the indicated time 

points, the cells were washed with PBS and then 20 µl of 5 

mg/ml MTT solution was added to the cells in each well. Plates 

were incubated for an additional 2 h at 37 °C. The medium 

containing MTT was removed and 150 µl DMSO was added to 

dissolve the formazan crystals formed by living cells. 

Absorbance was measured at 490 nm using a Labsystems iEMS 

microplate reader (Helsinki, Finland). 

Apoptotic cell death assay 

Cells were grown in 6-well plates and treated with different 

concentrations of NG nanoparticles. After 24 h treatment, the 

cells were collected and washed with PBS. Apoptosis was 

measured using an Annexin V/PI apoptosis detection kit 

according to the manufacturer’s instructions (MultiSciences 

Biotech Co. Ltd, Hangzhou, China) and analyzed by a 

CytomicsTM FC 500 flow cytometer (Beckman Coulter, 

Fullerton, CA, USA). A quadrant analysis was performed and 

cells stained positive for Annexin V-FITC and/or PI were 

designated as apoptotic and unstained cells were designated as 

alive.  

Colony forming assay 

Cells were trypsinized to make a single cell suspension and 

plated in 6-well plates at a density of 1×103 cells/well. The cells 

were incubated in the medium containing different 

concentrations of NG nanoparticles and then changed the 

medium every three days. After 10 days incubation, the cells 

were fixed with 4% paraformaldehyde followed by staining 

using 1% crystal violet. The plates were photographed and 

colonies containing at least 100 cells were counted. 

Cellular accumulation of NG nanoparticles 

Cells were grown in 6-well plates and incubated in serum-free 

DMEM medium containing 10 µg/ml NG nanoparticles. After 

treatment for different time courses, the cells were washed with 

PBS and examined under an Andor Revolution spinnig disk 

confocal microscope (Andor Technology, Germany). Images 

were recorded using standard filter sets (excitation at 491 nm 

and emission at 495-550 nm). For quantitative analysis, the 

cells were harvested and lysed with 100 µl PBS containing 1% 

Triton X-100. Cell lysates were mixed with 400 µl THF and 

then centrifuged at 12,000 rpm for 5 min. The fluorescence 

intensity of the supernatants was analyzed by F-4500 

fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan) 

with the excitation wavelength at 363 nm and emission 

wavelength at 473 nm. The cellular accumulation of NG 

nanoparticles was defined as normalization of fluorescence 

intensity of NG with respect to total protein content. The 

protein contents were determined using the BCA protein assay 

kit (Beyotime Institute of Biotechnology, Shanghai, China) 

according to the manufacturer’s instructions. 

Endocytic pathway of NG nanoparticles 

To study the endocytic pathway involved in the internalization 

of NG nanoparticles, the cells were preincubated in serum-free 

DMEM medium with 0.1% NaN3/DOG (1 h), 5 mM MβCD (15 

min), 10 µg/ml chlorpromazine (15 min), 80 µM dynasore (30 

min) or 10 µg/ml cytochalasin D (1 h), respectively. The 

medium was then changed to fresh serum-free medium 

containing the inhibitors plus 10 µg/ml NG nanoparticles and 

further incubated for 1 h at 37 °C. The cells were washed with 
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PBS and imaged by Andor Revolution spinnig disk confocal 

microscope. For quantitative analysis of the intracellular 

concentration of NG nanoparticles after treatment with the 

inhibitors, the cells were harvested, lysed and the fluorescence 

intensity of the supernatants was determined by F-4500 

fluorescence spectrophotometer.  

Intracellular localization of NG nanoparticles 

 For assessment of colocalization of NG nanoparticles with 

mitochondrial or Golgi apparatus, the cells were transfected 

with Mito-RFP (mitochondrial marker) or Golgi-RFP (Golgi 

marker), respectively. After 24 h transfection, the cells were 

treated with 10 µg/ml NG nanoparticles for 3 h, washed with 

PBS and then fixed in 4% paraformaldehyde for 15 min at 

room temperature. For assessment of colocalization of NG 

nanoparticles with lysosome or nucleus, the cells were treated 

with 10 µg/ml NG nanoparticles for 3 h, washed with PBS and 

then incubated with medium containing 100 nM LysoTracker 

Red (a lysosomal marker) at 37 ℃ for 30 min before fixation or 

stained with 5 µg/ml DAPI (labeling cell nuclei) after fixation, 

respectively. The cells were observed under an Andor 

Revolution spinning disk confocal microscope. 

Measurement of intracellular ROS 

Intracellular ROS levels were measured using the oxidant-

sensitive fluorogenic probe H2DCF-DA.42 Briefly, after 

treatment with different concentrations of NG nanoparticles for 

3 h, the cells were harvested and incubated with 5 µM H2DCF-

DA in PBS at 37 ℃ for 30 min. The cells were washed with 

PBS twice to remove the extracellular H2DCF-DA and the 

intracellular ROS was analyzed using a CytomicsTM FC 500 

flow cytometer. 

Mitochondrial membrane potential assay 

Mitochondrial membrane potential was determined using 

mitochondrial membrane potential assay kit with JC-1 probe 

(Beyotime Institute of Biotechnology, Shanghai, China). 

Briefly, after treatment with 10 µg/ml NG nanoparticles in the 

presence or absence of 5 mM NAC for 3 h, the cells were 

collected and stained with 5 µg/ml JC-1 solution at 37 °C for 20 

min. The cells were washed with PBS twice and resuspended in 

500 µl fresh cell culture medium. Cells were analyzed using a 

CytomicsTM FC 500 flow cytometer.  

NF-κB luciferase activity assay 

The cells were transfected with the indicated plasmids in 

combination with plasmids for 3×κB-Luc firefly and Renilla 

luciferase reporter genes. After 36 h transfection, the cells were 

treated with 10 µg/ml NG nanoparticles for 6 h. The cells were 

harvested and firefly and Renilla luciferase activities in cell 

lysates were measured using the Dual-Luciferase reporter assay 

system (Promega, Madison, WI, USA). Renilla luciferase 

activities of cells were used as internal control.  

Western blot analysis 

The cells were treated with different concentrations of NG 

nanoparticles. After 24 h treatment, the cells were harvested 

and subjected to western blot. Briefly, the cells were lysed in 

the ice cold lysis buffer containing 62.5 mM Tris-HCl (pH 6.8), 

2 mM EGTA, 2% SDS, 10% glycerol, 10 mM NaF, 0.1% 

Triton X-100, 2 mM Na3VO4 and complete protease inhibitor 

cocktail. The cell lysates (40 µg) were separated by 10% SDS-

PAGE and transferred onto a PVDF membrane. The membrane 

was blocked with 5% skin milk in TBS containing 0.1% Tween 

20 (TBST) for 1 h and then probed with the indicated primary 

antibody overnight at 4 °C, respectively. The membrane was 

washed with TBST 3× for 5 min. After incubation with 

horseradish peroxidase (HRP)-conjugated secondary antibody, 

protein signals were detected using enhanced 

chemiluminescence (Perice, Rockford, IL, USA). The primary 

antibodies used were anti-PARP (Cell Signaling Technology, 

Danvers, MA, USA); anti-FLAG (M2) (Sigma-Aldrich, St 

Louis, MO, USA); anti-β-actin (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA).  

Statistical Analysis 

Experiments were carried out with three or four replicates. 

Statistical analyses were performed by Student’s t test. Values 

with P<0.05 are considered significant. 

Conclusions 

In this study, the cytotoxicity of NG nanoparticles against 

cancer cells and its potential mechanisms were determined. The 

results showed that obvious differences in intracellular 

accumulation, cellular uptake and intracellular trafficking might 

result in selective cytotoxicity of NG nanoparticles against 

human hepatocellular carcinoma HepG2 cells compared with 

human normal liver HL7702 cells. Furthermore, ROS played an 

important role in NG nanoparticles-induced cytotoxicity in 

HepG2 cells and IKK/NF-κB signaling were involved in NG 

nanoparticles-induced cytotoxicity. These findings provide 

guidance for the design of more effective chemotherapeutical 

agents. 
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Figure Legends 

Fig.1 Characterization of three-dimensional NG nanoparticles. (A) 

The structure of NG based on triptycene. (B) The hydrodynamic size 

of NG nanoparticles. (C) TEM image of NG nanoparticles. The scale 

bar is 100 nm (left) and 50 nm (right). (D) The fluorescent spectrum 

of three-dimensional NG nanoparticles. 

Fig. 2 The cytotoxicity of NG nanoparticles in HepG2 cells and 

HL7702 cells. (A) Cell viabilities of HepG2 cells and HL7702 cells 

treated with different concentrations of NG nanoparticles for 24 h or 

48 h by MTT assay. *P < 0.01 compared with HL7702 group at the 

corresponding concentration. (B) Percentages of apoptosis in HepG2 

cells and HL7702 cells treated with different concentrations of NG 

nanoparticles for 24 h by Annexin V/PI staining. Results from one 

representative experiment were shown on the left. Quantitative 

results were shown on the right. (C) PARP cleavage induced by 

different concentrations of NG nanoparticles in HepG2 cells and 

HL7702 cells for 24 h by western blotting. β-actin was used as a 

loading control. (D) The colony forming of HepG2 cells and 

HL7702 cells treated with different concentrations of NG 

nanoparticles for 10 days. Results from one representative 

experiment were shown on the left. Quantitative results were shown 

on the right. Data as mean values±S.D. (n = 3). *P < 0.01. 

Fig.3 The intracellular accumulation of NG nanoparticles in HepG2 

cells and HL7702 cells treated with 10 µg/ml NG nanoparticles for 

different time courses. (A) Confocal microscope images of HepG2 

cells and HL7702 cells incubated with 10 µg/ml NG nanoparticles 

for different time courses. The scale bar is 50 µm. (B) The 

fluorescence intensity of NG in HepG2 cells and HL7702 cells 

incubated with 10 µg/ml NG nanoparticles for different time courses 

by fluorescence spectrophotometer. Data as mean values±S.D. (n = 

3). *P < 0.01. 

Fig. 4 The endocytic pathway of NG nanoparticles in HepG2 cells 

and HL7702 cells. (A) Confocal microscope images of HepG2 cells 

and HL7702 cells preincubated with serum-free medium (control), 

0.1% NaN3/DOG, 10 µg/ml chlorpromazine, 5 mM MβCD, 80 µM 

dynasore or 10 µg/ml cytochalasin D followed by coincubation with 

10 µg/ml NG nanoparticles for 1 h. The scale bar is 50 µm. (B) 

Internalized fluorescence intensity of NG in HepG2 cells and 

HL7702 cells treated with the specific endocytic inhibitors as above 

followed by coincubation with 10 µg/ml NG nanoparticles for 1 h 

using fluorescence spectrophotometer. Data as mean values±S.D. (n 

= 3). * and # P < 0.01 compared with the respective control. 

Fig. 5 Confocal microscopy images of the intracellular trafficking of 

NG nanoparticles after HepG2 cells and HL7702 cells transfected 

with Mito-RFP or Glogi-RFP were treated with 10 µg/ml NG 

nanoparticles for 3 h, or HepG2 cells and HL7702 cells were treated 

with 10 µg/ml NG nanoparticles for 3 h and then labeled with 100 

nM LysoTracker Red or 5 µg/ml DAPI, respectively. The scale bar 

is 20 µm. 

Fig. 6 Effects of ROS on NG nanoparticles-induced cytotoxicity in 

HepG2 cells. (A) Induction of intracellular ROS in HepG2 cells and 

HL7702 cells treated with different concentrations of NG 

nanoparticles for 3 h by H2DCF-DA staining. (B) Changes of 

intracellular ROS in HepG2 cells treated with 10 µg/ml NG 

nanoparticles in the presence or absence of 5 mM NAC for 3 h by 

H2DCF-DA staining. (C) The percentages of apoptosis in HepG2 

cells treated with 10 µg/ml NG nanoparticles in the presence or 

absence of 5 mM NAC for 24 h by Annexin V/PI staining. Results 

from one representative experiment were shown on the left. 

Quantitative results were shown on the right. (D) Mitochondrial 

membrane potential in HepG2 cells treated with 10 µg/ml NG 

nanoparticles in the presence or absence of 5 mM NAC for 24 h by 

JC-1 staining. Results from one representative experiment were 

shown on the left. Quantitative results were shown on the right. Data 

as mean values±S.D. (n = 3). * P < 0.01. 

Fig. 7 Effects of IKK/NF-κB signaling on NG nanoparticles-induced 

cytotoxicity in HepG2 cells. (A) NF-κB luciferase activities in 

HepG2 cells treated with different concentrations of NG 

nanoparticles for 6 h. (B) NF-κB luciferase activities in HepG2 cells 

treated with 10 µg/ml NG nanoparticles in the presence or absence 

of 5 mM NAC for 6 h. (C) NF-κB luciferase activities in FLAG-

IKKα-, FLAG-IKKβ- or pcDNA 3.1-transfected HepG2 cells after 

treatment with or without 10 µg/ml NG nanoparticles for 6 h. The 

protein expression of the transfected plasmids in HepG2 cells was 

shown below. β-actin was used as a loading control. (D) NF-κB 

luciferase activities in FLAG-IKKα K44A-, FLAG-IKKβ K44A- or 

pcDNA 3.1-transfected HepG2 cells after treatment with or without 

10 µg/ml NG nanoparticles for 6 h. The protein expression of the 

transfected plasmids in HepG2 cells was shown below. β-actin was 

used as a loading control. (E) Cell viabilities of HepG2 cells treated 

with different concentrations of NG nanoparticles in the presence or 

absence of 5 µM parthenolide for 24 h by MTT assay. Data as mean 

values±S.D. (n = 3). * P < 0.01 compared with NG nanoparticles-

treated group at the corresponding concentration. (F) Cell viabilities 

of FLAG-IKKα K44A-, FLAG-IKKβ K44A- or pcDNA 3.1-

transfected HepG2 cells after treatment with different concentrations 

of NG nanoparticles for 24 h by MTT assay. Data as mean 

values±S.D. (n = 3). * P<0.05, ** P<0.01 compared with 

pcDNA3.1-transfected group at the corresponding concentration. 

Fig.8 Proposed mechanism for selective killing of HepG2 cells 

by NG nanoparticles as compared to HL7702 cells. 
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